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ROCKl3T INVESTIGATION OF THE AURORA BOREALIS: 

SOME OF ITS PR0E;IICmNT OPTICAL FEATURES AND 

ITS ION COMPOSITION 

Truman David Parkinson, Ph.D. 
c 

University of Pit tsburgh,  1969 

Analysis of da t a  from a series of th ree  sophis t ica ted  Aerobee rocket 

exueriments flown i n t o  au ro ra l  displays has yielded much information concerning. 

t h e  exc i t a t ion  mechanisms of several o p t i c a l  emissions. Laboratory measured 

cross  sec t ions  f o r  t h e  N2+ (0-0) f i r s t  negative band, i t s  observed volume 

emission rate, and measured secondary e lec t ron  spec t r a  allow ca lcu la t ion  o f  

the  e lec t ron  f luxes responsible fo r  t h e  N2 f i r s t  pos i t i ve  bands, t h e  02+ f i r s t  

negative bands, and t h e  01 green l i n e  at 5577fl 

accounted f o r  i n  terms of d i r e c t  e lec t ron  impact exc i t a t ion  from the  appropriate 

The molecular emissions can be 

neutra1mo;lecule. The classical source of the  green l i n e ,  d i r e c t  e lec t ron  

impact exc i t a t ion  of 0, is shown inadequate. Dissociative exc i t a t ion  of 0 

(with an average cross  sec t ion  of 6-10 x 10-17cma) and d i s soc ia t ive  recombination 

of 02+, each d0minant .b  its own region; are capable of producing the  green 

l i ne .  Further confirmation of t h i s  dual.source comes from a measurement 

of t he  quenching of t h e  O(lD) state as indicated by the  01 red l i n e  a t  6300W, 

and from the  phase and amplitude r e l a t ions  between t h e  N2+ (0-0) band and 

the  green l i ne .  Measurement of t he  ion composition shows the  need of a 

reac t ion  which, i n  an aurora, removes 02+ and produces NO'. A value of 

4 x 10-13cm3/sec f o r  t h e  reac t ion  rate f o r  0 4- on vibra t iona l ly  excited 

N 

i n  excess of 1200°1< are not needed. 

2 

2 

is  capable of providing the  needed channel, i f  v ib ra t iona l  temperatures 2 
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1 O INTRODUCTION 

The aurora borealis has a long record of observation. 

has been much written on this subject in the scientific literature 

since the seventeenth century.l 

published the first auroral spectra and found the prominent green line. 

In 1923, Babcock3 performed the first accurate determination of its 

wavelength in a study of the airglow. -Mc'Isennan and Shrm4 showed the 

green line came from the metastable IS state of the oxygen atom. 

identified the negative bands of molecular nitrogen about 1913. 

all of the spectral features have now been identified. 

There 

It was not until 1869 that llngstr6m2 

Vegard5 

Almost 

Now that the identification of the spectral features is essentially 

complete, attention has been turned to the identification of the sources 

of excitation. 

for the nitrogen bands and by Seaton7'10 for forbidden transitions. 

Only recently have these mechanisms been investigated in the 

Much theoretical work in this area was done by Bates6 

emitting regions of the aurora by sounding rackets. The experiments 

resulting in this dissertation originated in an investigation of the 

detailed sources of the auroral green line at 5577A emitted by the 

oxygen atom in the metastable IS state. 

impact excitation of ground state atomic-oxygen 7-9 has been invoked 

to explain this emission. 

mechanisms, dissociative excitation of O2 and dissociative recombination 

of 02?, each dominant in its own region, explain this most prominent 

feature of the visible aurora. 

profile of the oxygen red line (6300A) in an IBC class 11' aurora has 

Historically, direct electron 

As a consequence of this research, two separate 

A complementary measurement of the altitude 

1 
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invalidated Seaton's 

of the O(1D) state. 

nitude in the quenching rate which had existed between dayglowll and auroral 

observations. 

analysis of the excitation, and collisional deactivation 

This removes a-discrepancy-of several orders of mag- 

Recent laboratory measurements of the inelastic electron cross 

sections for excitation of the (0-0) band of the first negative system of 

nitrogen have allowed normalization of the electron spectra measured 

as part of this experiment. 

electron energy spectra, appropriate exciting fluxes have been determined, 

Discussion includes the first and second positive systems of molecular 

nitrogen and the first negative system of the molecular oxygen ion. 

Data will be presented in support of the electron impact excitation 

From the (0-0) band emissions and the measured 

model for  these emission features. 

The ion composition was also measured for a weak aurora. The 

excessive NO' density is discussed, as well as the expected ion composition 

based on the ionization rate determined from the (0-0) band emission 

and the most recent reaction rates as measured in the laboratory. A 

reaction which in an aurora removes 02+ and enhances NO is necessary 

to explain the ion distribution observed. 

+ 



2.0 EXPERIMENT 

2 . 1  Payload Development 

W. G. Fas t i e  of Johns Hopkins University flew severa l  u l t r a v i o l e t  

spectrometer payloads i n t o  auroras during t h e  e a r l y  1960's. With them, 

he observed the  LBH bands of nitrogen, Lpan a, and the  resonance lines 

of atomic oxygen and measured t h e i r  a l t i t u d e  p ro f i l e s .  l2-l5 

I n  1966, he inv i ted  several other  experimenters t o  put instruments 

on h i s  rocket. The payload w a s  b u i l t  around Fas t i e ' s  ha l f  meter u l t r a -  

v i o l e t  spectrometer. A n  extreme u l t r a v i o l e t  photometer, two coatinuous 

reading photometers observing v i s i b l e  f ea tu res ,  and a f i l t e r  wheel photometer 

f o r  addi t iona l  v i s i b l e  fea tures  looked forward. A secondary e lec t ron  

spectrometer16 and a p i t c h  angle e lec t ron  f l u x  de tec tor  were located on 

a p a i r  of deployable booms. 

car r ied .  

A primary e lec t ron  spectrometer w a s  also 

I n  1967, t h e  continuous photometers i n  t h e  v i s i b l e  were removed, 

and an up-down photometer added.17 

au ro ra l  l i n e  of oxygen and several bands of nitrogen. 

This un i t  looked a t  the  2972A trans- 

A t  t h i s  wavelength, 

t he re  is  no ground albedo so t h a t  the  sum of t h e  up-signal and t h e  down- 

s i g n a l  at  any t i m e  ind ica tes  t he  state of t he  aurora. 

mirror and only one f i l t e r  and photomultiplier tube, t he  stmuation s i g n a l  

is independent of any absolute ca l ibra t ion .  To a f i r s t  approximation, 

t h i s  experiment tells how steady t h e  observed aurora was during t h e  f l i g h t .  

Further per t inent  discussion of t h e  up-down photometer is i n  Section 3.5. 

By using a f l ipp ing  

3 
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After t h e  1967 f l i g h t ,  it w a s  obvious t h a t  t h e  number of exper- 

imentinggroupshad t o  be  reduced t o  ease the  problems of design, 

in tegra t ion ,  and preparation. The 1968 rocket became a j o i n t  e f f o r t  of 

the  Johns Hopkins group and t h e  Pit tsburgh group. 

group flew four  experiments: 

a f a r  u l t r a v i o l e t  f i l t e r  wheel photometer, and an improved up-down phot- 

ometer. The Pittsburgh group flew a th ree  channel continuous reading 

photometer and an ion  mass spectrometer. 

The Aerobee 150 rocket w a s  t he  vehicle used f o r  a l l  t h e  exper- 

iments. It can car ry  payloads of apprdximately 260 pounds t o  170 km, 

The Johns Hopkins 

primary and secondary e lec t ron  spectrometers, 

w e l l  above most au ro ra l  emisr,ions. The maximum axial acce lera t ion  is 

12 g ,  a gent le  r i d e  compared with t h e  35 or  more g of t he  various Nike 

rockets. 

increases  r e l i a b i l i t y  of the  instruments. 

The comparatively gent le  r i d e  eases design problems and 

The 16-inch diameter of t he  

rocket allows considerable f r o n t a l  area f o r  necessary forward facing 

experiments. 

full-time analogue da ta  channels, and a commutator f o r  monitor purposes. 

Two FM-FM telemeters can be ca r r i ed  allowing up t o  27 

A DOVAP transponder can be car r ied  f o r  improved t racking during the  

f l i g h t .  The biggest  drawbacks t o  use of the  Aerobee are the  inconvenience 

of a l iqu id  fueled rocket ,  t he  l a rge  group of f i e l d  personnel a t tendant ,  

and the  g rea t e r  cost .  

Figure 1 shows t h e  layout of t h e  1968 payload. 
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I 

AERQBEE 

POWER \SPECTROMETER 
SUPPLY 

TELEMETRY 

A UA4.217 
/ \  

/ \  

Figure 1. Schematic of the 1968 experimental payload. 
were ejected at about 70 lcm. 
thereafter. 

The t i p  and doors 
The booms were deployed shortly 
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2.2 The University of Pit tsburgh Photometers 
, 

A t h ree  channel photometer w a s  p a r t  of t he  University of P i t t s -  

burgh's contribution t o  the  1968 payload. It looked a t  t h e  OI(lS-lD) 

forbidden t r a n s i t i o n  a t  55778, the  N2+(B22:-X2Zc) f i r s t  negative 
g 

(0-0) band a t  39146, t h e  N2(B311 -A3C,) f i r s t  pos i t i ve  (5-2) band centered 

about 66858,. 

Figure 2 shows a cross  sec t ion  of t he  photometer uni t .  All 

th ree  photometers were i n  the  same rectangular ,  pressurized housing 

supported on the  f ron t  p l a t e  of t h e  rocket. 

suppl ies ,  VT series electrometers, and NI slave amplif iers  were a l s o  

contained i n  the  housing.. Figure 3 shows the  c i r c u i t  f o r  one of t he  

three  photometers. 

The Hruska VS-5 high voltage 

Each un i t  returned two channels of da ta ,  a Ix from 

the  electrometer and a lox from the  s lave amplif ier .  

took the  f i r s t  ha l f  v o l t  of t he  lx s i g n a l  and multiplied it by 10. 

amplifier w a s  zener diode l imited t o  prevent overloading of the  telemeters. 

A monitor of t h e  high voltage w a s  a l s o  telemetered. 

The slave amplifier 

Each 

Appendix A presents  a de ta i l ed  discussion of in te r fe rence  f i l t e r  

photometers. The theo re t i ca l  s e n s i t i v i t i e s ,  no ise  levels, and absolute 

s e n s i t i v i t i e s  f o r  t he  f l i g h t  photometers are l i s t e d  i n  Table I. As 

or ig ina l ly  conceived, a gain changing c i r c u i t  w a s  t o  have been added. 

It automatically switched t h e  high voltage when the  s i g n a l  r eg i s t e red  

e i t h e r  too high o r  too low. Three operating ranges were provided. 

Pre-flight t i m e  l imi t a t ions  caused t h i s  system t o  be abandoned. 

The photometer performed very w e l l  except f o r  some zero d r i f t  

problems c lose ly  r e l a t e d  t o  the  payload temperature. It w a s  a very 
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1 

Entronce 
Botfl. 

!E3 
Filter 

541 E 
Photo- 
multlplior 
Tub. 

Electricol 
BeRaroms 

Figure 2. Schematic cross  sec t ion  Figure 3. Schematic of the  
of the  three channel 
photometer flown in 
1968. channel photometer. 

e lec t ronics  of one 
channel of the  three  
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decided improvement over t he  f i l t e r  wheel photometers flown by the  

University of Pit tsburgh on the  1966 and 1967 experiments. 

The previously flown f i l t e r  wheel photometers were compromises 

A geneva movement ro ta ted  a as a l l  f i l t e r  wheel photometers must be. 

f i v e  pos i t ion  f i l t e r  wheel between a simple b a f f l e  aper ture  tube and 

the photomultiplier tube. It spent roughly 14  percent of each cycle 

s t a t iona ry  i n  each pas i t ion .  

t ive wavelength, usually i n  the  red,  t he  only way t o  ad jus t  s e n s i t i v i t i e s  

is  through decreasing the  f i e l d  aper tures  car r ied  with the f i l t e r s  i n  

the  wheel. This, of course, g rea t ly  decreases the  s i g n a l  t o  noise  r a t i o ,  

not a t  a l l  des i rab le ,  but unavoidable. 

an index of t h e  f i l t e r  wheel posi t ion.  

of t he  1967 u n i t  and calculated s i g n a l  t o  noise r a t i o s .  

much lower than those of the 1968 un i t s  caused i n  p a r t  by the  compromise 

nature of t he  un i t  and p a r t  by t he  lack of lenses  i n  the  aperture  system. 

The use of lenses alone would have increased the  s i g n a l  t o  noise r a t i o  

by a f ac to r  of four.  

Once the  gain i s  set f o r  t he  least sensi- 

The high voltage monitor re turns  

Table I1 gives the  sensi t ivi t ies  

These are c l ea r ly  

2.3 The University of Pit tsburgh Ion Mass Spectrometer 

A quadrupole ion m a s s  spectrometer, designed by E. C. Zipf, w a s  

t he  major addi t ion  t o  the  1968 payload. It w a s  designed t o  measure the  

dens i t i e s  of ions from mass 3 t o  mass 40. The proper t ies  of quadrupole 

mass spectrometers are discussed by Woodward and Crawford, l8 Narcisi and 

Bai1ey,l9 Mosharrafa and Oskam,20 and Paul e t  a L 2 1  A b r i e f  ou t l i ne  follows. 

A n  i d e a l l y  hyperbolic po ten t i a l  of t he  form 
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is  generated by four  appropriately dimensioned p a r a l l e l  round rods equally 

spaced on a cylinder about the  instrumental axis (Figure 4). 

p a i r s  of rods are e l e c t r i c a l l y  connected. 

Opposite 

A voltage consis t ing of a DC 

portion and an RF por t ion  of t h e  form 

u + v cos w t  

is applied t o  the  poles. 

The equations of motion i n  the  x and y di rec t ions  are 

and 

- (a + 2q cos 2y) y = 0 , 

I These equations are 4e V 
m r; w z  where y = - U t  , a =  8e , and q = 2 m rg w 

of the  normal form of the  Mathieu equation, 

+ (a - 2q cos 2y) x = 0 d2x 
dvz . (5) 

Solutions t o  t h e  Mathieu equation are s t a b l e  o r  unstable depending on 

t h e  values of a and q. In  Figure 5 ,  t he  s t a b l e  region of i n t e r e s t  is  

sketched i n  the  a-q plane.20 A l i n e  of constant a /q ,  and hence U/V, 
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Figure 4. The four rods which produce the hyperbolic f i e ld  of .the 
quadrupole mass spectrometer. 

t 
0 

aconrt, , 

.E 

Figure 5.  A sketch i n  the a-q plane of the stable region of operation 
of the quadrupole mass spectrometer. 2 o  
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is also shown. 

are transmitted.  

the  permissable values of a and q are decreased. 

-8s range transmitted and increases  the  resolut ion.  

resolution, U/V should be 0.16784.18 

Masses f o r  which a and q are i n  the  region of s t a b i l i t y  

As t he  s lope of the a/q constant l i n e  is increased, 

This decreases the 

For i n f i n i t e  

Two methods are p r a c t i c a l  fo r  

scanning a m a s s  spectrum. 

quency w or  the  voltage amplitudes U and Vmay be programmed t o  sweep a 

desiIred mass range. 

While keeping U/V constant,  e i t h e r  t he  fre-  

Table 111 lists the parameters used i n  t h e  1968 uni t .  Figure 6 

is a block diagram showing t h e  bas ic  c i r c u i t  elements of the  un i t .  

The four s t a i n l e s s  steel rods were held i n  a s t a i n l e s s  steel 

housing by nylon bushings. 

respect t o  the rocket she l l .  

a s t a i n l e s s  steel  r ing  with a s t a i n l e s s  steel screen t o  give a draw-in 

po ten t i a l  between i t s e l f  and the  f ront  aper ture .  

a t  -2.58 vol t s .  

s f  a hole  I n  the  square mesh w a s  on the axis of the  instrument. 

way, t he  most symmetric f i e l d ,  approximating a p a r a l l e l  f i e l d ,  was t o  

be had between t h e  g r id  and the in j ec t ion  aperture .  

The housing was kept a t  -9.1 v o l t s  with 

In  f ront  of the  in j ec t ion  aperture  was 

This g r id  w a s  kept 

The screen was carefu l ly  centered so t h a t  t he  center 

In  t h i s  

Behind the  e x i t  aper ture  w a s  a Bendfx Channeltron detector .  

Because of its u l t r a v i o l e t  s e n s i t i v i t y ,  it was placed so t h a t  it could 

noE see outs lde its chamber. 

end provided an excel lent  draw+in po ten t i a l  f a r  those ions transmitted.  

A 200 v o l t  co l lec tor  b i a s  w a s  used between the  Channeltron anode and 

the  s t a i n l e s s  steel co l lec tor .  An Hruska 250-25-3 electrometer recorded 

The -1340 vu l t s  applied t o  the  cathode 
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TABLE 111 

Design parameters of the quadrupole mass spectrometer. 

r 

Rod diameter 
0 

Rod length 

Injection aperture diameter 

3.0 nun 

7.0 aan 

100 mm 

0.5 mm 
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F O.C. Sweep 
Generator 
and 
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Amplifier 
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Figure 6. Circuit elements of the ion mass spectrometer. 
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into the lx channel and a NI slave amplifier provided a lox channel. 

A sweep generator provided a sawtooth signal +U with a period 

of 1.7 seconds (Figure 7). The sweep signal was grounded for a,short 

time at the beginning of each cycle so the total+ion density could be 

measured. 

sampling the RF amplitude V, caused that amplitude to follow the +U 

signal holding a constant ration. 

A mirror signal -U was also generated. A difference amplifier, 

Table IV gives the theoretical values of U, V, and Am/m for 

each mass seen, 

also given. Unfortunately, calibration was much more hurried than desir- 

able. 

a vacuum housing which fit over the quadrupole unit (Figure 8). 

electron gun ionized the residual gas in the chamber. 

The absolute calibration for zero vehicle velocity is 

It was accomplished by means of an electron gun incorporated in 

This 

The dominant ion found was 18' presumably from water vapor. 

Other ions seen during calibration contributed negligibly. The current 

density of ions in front of the grid was assumed constant over a. 

sufficiently large region that the current density j could be written as 

where i was the current to the grid and A was the area of the grid. 

It was found that J was Since only one ion was considered 

responsible, this immediately gave the ion flux n'ii equal to 6.3 x 1010/cm2sec. 

Assuming a velocity caused only by the 2.58 volt acqelerating potential, 

the ion density was found to be 1.2 x lo5 ions/cm3. 

are small compared to the velocity due to the accelerating grid. 

amps/cm2. 

Thermal velocities 
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Figure 7. Sweep voltage +U generated by the ion mass spectrometer. 
Also indicated are positions where masses are expected. 
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TABLE IV. 

Electrical parameters of mass spectrometer. 

Mass (mu) 4 16 18 28 30 32 

V (volts) 23.4 93.4 105 164 175 187 

U (volts) 3.90 15.6 17.5 27.3 29.2 31.2 

Am/ml .Ol .Ol .Ol .01 .Ol .Ol 



Figure 8. Schematic of calibration set up and vacuum housing. 
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For the above density, the Channeltron oytput was 8.4 x amps. 

This gave the lox channel a sensitivity of 5.7 x lo4 ions/cm3/volt, at 

mass 18. So long as the,operating param- 

eters of the ion mass spectrometer remain constant, the residual density 

n(X) (for any species X) can be calaulated if the velocity V(X) is known. 

V(X) is the velocity of ion symmed with the velocity of the rocket. 

rocket velocity is a fair percentage of the ion velocity caused by the 

accelerating potential, especially for the heavier ions. Thus, 

The product nV is a constant. 

The 

n(X) = 5.7 x lo4 V(18) / J 

2 'acc /m(x) + Viocket (7) 

gives the sensitivity of the unit for each mass, including the vehicle 

velocity dependence. 

Experience gained in testing a similar unit constructed for 

the 1969 experiment has indicated two problems concerning the analysis 

of the data obtained in 1968. Between calibration and launch (two 

weeks), the electronics drifted; and an increase in resolution is clearly 

indicated by the spectra returned. 

but the increase in resolution causes a decrease in transmission. This 

decrease is a nonlinear function of mass. 

changes in resolution cause the transmission for the molecular ions to 

continuously increase during flight. Figure 9 shows what is now believed 

to be the deoreqse in transmission during flight referenced to the trans- 

mission during calibration. 

due to vehicle velocity effects on the transmission, 

This in itsel,f would be all right, 

Also, during the flight, 

Some of this change during flight may be 

The ion mass spectrometer performed reasonably well for a proto- 
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120 I4 0 

Figure 9 .  The post calibration decrease in transmission of the ion 
mass spectrometer plotted as a function of altitude. 
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type instrument. From the experience with this unit, several improve- 

ments have been-made. 

many problems, especially those of temperature drifts and nonlinearities 

in the,difference amplifier. 

experience of \arcing at higher pressures than desired caused concern. 

This problem did not appear in flight; but the systeq was checked, and 

it waS; able to recover satisfactorily. 

be a big help, and a rate meter has supplied the answer. 

in potential also appears advisable. 

on the upleg of the flight, but draw-in potential was insufficient for 

it to measure ion densities (except 4+) once the,vehicle was into the 

The use of operational amplifiers has simplified 

The Channeltron worked, but laboratory 

Improved dynamic range would 

A larger draw- 

The prototype did provide data 

downleg. 

Exten ive us 

2.4 Data Reduction 

f an IBM 7090 Computer and Calcomp analog 

plotter has been made in reducing the data telemetered from the rockets. 

Replays of tapes recorded during the flight proviqle permanent records, 

Three or more channels of telemetered data are recorded on 12-inch paper 

by a CEC lightbeam oscillograph. 

tape appear on the edges of the record. 

determined from a BCD coding of the timing pulses. 

lines from which signals can be measured are conveniently located on 

Two pps and 100 pps timing from the 

Universal time can,be easily 

Constant reference 

the record. 

flown in 1966. 

green line phatometer and ion mass spectrometer flown in 1968. 

Figure 10 shows a record for the filter wheel photometer 

Figyres 11 and 1 2  respectiyely show signals from the 
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REF: 

RER 

H.V MON. and INOEX 

2 PPS TIMING 

Figure 10. The 1966 f i l t e r  wheel photometer data from a CEC recorder 
This section is near apogee. Note the strong A6300 signal. 
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Figure 11. The 1968 green l ine  photometer data from a CEC recorder. 
Notice the much improved signal to  noise rat io.  This is 
at  t i p  eject. In-flight voltage calibration appears on 
bottom channel. 
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IMS x I 0  H e+ O+ Nf NO+ 0; 

REF. 

/ 
DC ! 

2 PPS TIMING 

Figure 12. The 1968 IMS data a t  130 km from a 
shows the maximum N2+ signal seen. 

CEC recorder. This sweep 
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For the filter wheel photometers of 1966 and 1967, an average level 

Midway through the is drawn through the signal for each observing perlod. 

period, the,distance from the line to a reference line is measured. 

universal time for the same midpoint is also recorded. 

The 

The dark current 

level is determined at tip eject and is oonfirmed as often as possible when 

the filter wheel shifts positions. A check is also made at apogee. 

There was a further complication in,the 1966 unit. An extreme 

mechanical shock at rocket’burnout disturbed the photocathode, causing 

a tremendous increase of the dark current. 

later, the level was just back on scale but; the dark current clearly 

did not stabilize until apogee, A time dependent expression for the 

dark current, 

By tip eject twenty seconds 

was finally used to correct the raw data. The constants were determined 

from several reasonable dark current measurements throughout the flight. 

That this correction was reasonable can be Seen from the behavior of the 

OI(A6300) signal. 

A6300 is expected to come from high altitudes. 

expectation as the signal leve1,for the A6300 emission obviously remained 

high throughout the flight, while the other signals disappeared (Figure lo). 

Also, because of the 110 sec radiative lifetime of the,O(lD) state, this 

signal is relatively immune to small, fast temporal variations. Adjustment 

for the dark current using Equation 8 showed the A6300 signal to be,symmetric 

on the upleg and the downleg, except for the very earliest portion of the 

Because of the quenchipg of the O(lD) state,” the 

The raw data confirmed this 
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upleg where all signals imply, insufficient correction. 

a small periodic.variation of itptrumenqal origin common to all signals 

measured by the\filter wheel photqeter. 

signals from Miller and Fastie's independent photometers discussed below. 

In addition, there is 

This variation ie not seen,in the 

In the analysis of the continuous photometers, average signal 

levels are drawn and measured to a.reference line. 

and N2+ING(X3914) photometers of Miller and Fastie carried in the 1966 

experiment, the data samples were taken a$ the same times as those of 

the OI(X6300) channel of the filter wheel photometer. Dark current was 

For the OI(A5577) 

referenced to tip eject, and its conetancy confkrmed at apogee. 

For the 1968 photometers, the sampLe was taken midway between 

scans of the ion mass Spectrometer. Dark current decreased during flight 

and a linear (in time) approximation, determined from levels at tip eject 

and apogee, was used for the dark current. 

For the ion mass spectrometer, the height of each peak was measured 

relative to the base line along wifh the appropriate mass number and 

time. 

Independent of Dick and Fastie, we made our own reduction of 

the 1968 up-dom photometer. 

Looking signal and downward looking signal were measured with respect 

to the dark current level recorded as the mirror flipped and shuttered 

the entrance baffle. The time was also recorded. 

At each flip of the mirror, the upward 

In-flight voltage calibrations were examined and have been 

found constant to a few percent throughout the flight. 

data, with appropriate absolute calibrations, have been put on IBMI cards 

All the above 
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and run through the computer. The computer generated absolute signal 

levels for each set of data. It also 

time determinations using the formula 

computed the alt9tude from the 

This expression is second order gravity corrected (referenced to Z max). 

For the ion mass spectrometer, the vehicle velocity dependence was also 

included using dt dZ(t).Data was returned on lists, punched cards, and 

Calcomp analog plots. The plots were made with respect to both time 

and altitude. 

From the time plots for the integrated overhead intensities,, 

smooth lines were drawn to best fit the points plotted. In some cases, 

what are believed to be temporal and/or spatial variations are dis- 

regarded and the smooth line drawn as if these small events had not oc- 

curred. Whenever this is done, mention will be made of that fact. The 

smooth curves were analyzed by an opaque projection digitizer (1200 

points per inch resolution) which put the hand drawn curves on computer 

cards. From these curves, the volume emission rate (equal to - under 
constant excitation and spatial conditions) was computed and plotted as 

a function of time and altitude. 

dI 
dZ 

For the photometers (except the up-down photometer), absolute 

calibration is good to 220 percent 

mining the slope of the integrated overhead intensity cause varying 

(Appendix A).22 Problems of deter- 
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error t in the volumq emission rate. Error i st for the sharp 

lower edges. 

than 30 percent. Absolute calibration of the ion mass spectrometer 

is believed good to a factor of two. 

fits of the scattered data points. 

scatter. The absolute values given for the up-down.photometer are only 

approximate, although relative values should be good tg 10 percent. 

This data will be discussed for the relative picture it gives. 

discussion of the up-down photometer data will be left for Dick and Fastie. 

Peak values of the volume emission rates should be better 

The plots given are hand drawn 

The Hef data has by far the worst 

Detailed 



3.0 DISCUSSION 

3.1 Model Atmospheres 

Three model aeospheres have been investigated for use in the 

analysis to follow, 

atmosphere which they give in the 120 to 200 km region. 

eters for the atmospheric models are the,exospheric teqperature, and 

the temperature and number densitieq at a reference altitude chosen above, 

the turbopause. 

reference altitude and diffusive equilibrium assumed above that level. 

Differences in the various models arise from the different temperature 

profiles that are chosen. 

They are consideqed for the representation of the 

Coupon param- 

One hundred twenty km is usually chosen for this 

The exospheric temperature T has been calculated using the 

Table V gives the appropriate parameters for 
ex 

fopnulas of Jacchia.23 

each rocket flight and the resulting temperature. 

Model Atmosphere V I 1  was developed by Z i ~ f ~ ~  to fit the existing 

optical data, 

equation, 

The integration utilizes a tenth order fit between the one.lun levels. 

The temperature dependence of this model. was chosen to best fit the ex- 

isting optical measurements. 

gradient at its lower altitudes (S°K/km) than the models which base the 

temperature dependence on satellite drag and show much higher gradients 

(20-30°K/km) in the same r e g i ~ n . ~ ~ , ~ ~  

of this model, it is less,dense than those based on satellite drag. 

It consists of a numerical integration of the diffusion 

The densities are calculated every kilometer from 120 km. 

It exhibits a much smaller temperature 

Because of the ,cooler nature 

29 
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TABLE V-. 

Geophysical parameters appropriate to determine 
exospheric temperature f O r  each yearly experiment. 

Rocket 
Number - 
Flo * 7ave 

F1O. 7 

Day of year 

Universal time for apogee 

#J geographic latitude 

S, solar declination angle 

Geomagnetic index a 

Exospheric temperature 
P 

Tex 

1966 
UA4.162 

80.2 

82.2 

51 

05: 34 :02 e 33 

58.75' 

-11; 75" 

E4 

813 

1967 
UA4.163 

129.2' 

122.2 

48 

04:21:53.0 

58.75' 

-12.25' 

14 

968 

1968 

UA4 217 

171,8 

151.5 

4Q 

04:45:09 .O 

58.75' 

-15 .OO ~ 

15 

1087 



Walkerz5 presented an analytic exp 

which very closely fit Ja~chia's~~ empiric 

based on satellitq drag. Wa 'S  ss 

form,for the.solution of the diffusion equation. 

the 2OoK/km gradient .characteristic of satellite drag meagurcamerits, and 

below J.40 km varies less than about 10 percent from Model V I I .  

The 
1 

The Bates uses a simple temperature dependence based 

on the early satellite drag measurements. 

expression of the density of each constituent species; and in the region 

of interest in this work, it is identical with the Walker Model. 

It too is a closed form 

Below 120 km, models becope more difficult because of the turbo- 

pause. This is a region of minimum temperafure and is the transition 

region from an atmosphere controlled by eddy diffusion and turbulent 

mixing to one.controlled strictly by molecular diffusion. 

Table VI gives the model atmosphere assumed for t$is investigation. 

Below 120 km the densities are smoothed to the 100 km values given by 

Anderson and Francis' semitheoretical Above, 120 km, Model V I 1  

is used with an exospheric. temperature of 813°K characteristic of the 

exosphere for the 1966 experiment. Comparison of Model V I 1  for 968'R 

and 1087°K characteristic of the 1967 and 1968 experiments respectively 

shows no significant variation below 170 km. The absolute value chosen 

rence altitude of 120 km prayides the big- 

lso shows,the Walker Model. 
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TABLE VI 

Model Atmosphere V I 1  (Walker model is in parenthesis). 

(km) 

100 

102 

105 

110 

113 

116 

120 

125 

130 

135 

140 

145 

150 

155 

160 

165 

170 

A1 t itude Number Densities (~m-~) Temperature 
1 n(o> n (ai > n(N2) O R  

5.811* 1.9012 7.812 

4.6 

3.3 

2.0 

1.45 

1.10 

8.010 

5.6 

3.9 

2.8 

2.1 

1.60 

1.20 

9.69 

7.7 

6.3 

5.2 

1.25 

7 * 311 

2.9 

1.80 

1.10 

6.010 

(5.0) 3.1 (2 9) 

( 3  5) 1.70 (1.60) 

(2*6) 9.99 (9 7) 

(2 * 0 )  5.8 ( 6 . 3 )  

(1.55) 3.6 (4 2) 

(1.25) 2.3 (2 * 9) 

(1.05) 1.55 (2 9 1) 

(8.8) 1.05 (1.50) 

(7 9 4) 7.58 (1.15) 

(6 * 3) 5.4 (8.5) 

*k5,811 means 5.8 x 1011 

5.2 

3.0 

1.30 

8.111 

5.2 

3.0 

1.70 

9.81° 

6.0 

3.7 

2.4 

1.65 

1.15 

8.19 

5.9 

4.4 

3 10 

337 

368 

402 

440 

480 

521 

560 

598 

633 

665 
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3.2 The Nitrogen Analysis 

A1T th ree  rockets car r ied  photometers which measured the  overhead 

integrated i n t e n s i t y  of the  (0-0) band of the  f i r s t  negative system of 

N2+ a t  3914% and the  (5-2) band of t he  f i r s t  pos i t i ve  system of N2 a t  

668% The 1966 experiment also measured the  (4-1) band of t he  f i r s t  

pos i t ive  system a t  676% 

rocket f l i g h t ,  almost i d e n t i c a l  bi layer ing w a s  observed i n  the  A3914 and 

A5577 OI(l§-lD) s igna l s  and not seen i n  e i t h e r  of the  f i r s t  pos i t ive  s igna l s  

OK i n  t h e  17774 01(35P-35S) s igna l  (Figures 13  and 14) .  

On both the  upleg and downleg of the  1966 

Emission of the  

A7774 and t h e  f i r s t  pos i t ive  bands is d e f i n i t e l y  between the two apparent 

layers  which e m i t  t he  A5577 green l i n e  and A3914 $ h e  band. 

t h a t  makes temporal var ia t ions  unreasonable answers t o  what was observed. 

The s i m i l a r i t y  of what w a s  seen on the  upleg and downleg would a l s o  cause 

concern fo r  temporal var ia t ions ,  as a freak coincidence would be neceseary 

t o  cause the  same e f f e c t  on the  downleg as occurged on t h e  up. 

layer ing observed is believed real, 28 but a t  present  no mechanism is  

It is t h i s  f a c t  

The b i -  

understood which could cause such layer ing i n  the  A3914 s igpa l  and hat' 

cause i t  i n  the f i r s t  pos i t i ve  system or  A7774. 

I n  1968, in te r fe rence  from the  moon destroyed any d e t a i l  which 

the  A6685 band might have contained. 

s ignalq were unaffected by the  moon, but the aurora was qu i t e  weak. 

Discussion of these s i g n a l s  w i l l  be deferred t o  a later sec t ion  on t h e  

oxygen emissPons. 

The A3914 s i g n a l  and the  A5577 

The 1967 o p t i c a l  da t a  is complete, and the re  are a l s o  some 
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I IO 120 , I3 0 140 I 0 

Figure 13. The volume emission rate measured in the 1966 experiment 
on the upleg, The individual scales are arbitrary. 
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Figure 14. The volume emission rates measured in  the 1966 experiment 
on the downleg. The individual scale are arbitrary. 
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secondary e lec t ron  spec t ra  from below 105 km on the  upleg and a t o t a l  

e lec t ron  f lux  measurement from 105 km on the  ~ p l e g , ~ ~  

Between 110 km and 120 km on the  upleg, a s m a l l  s p a t i a l  o r  temp- 

o r a l  va r i a t ion  was seen above the  rocket by a l l  photometers. 

clear indica t ion  from the  t o t a l  e lec t ron  s igna l  t h a t  the  e lec t rons  causing 

t h i s  va r i a t ion  were ever l o c a l  t o  t h e  rocket,  The up-down photometer a l s o  

s a w  t h i s  va r i a t ion  above the  rocket ,  but s a w  no r e l a t ed  enhancement below 

the rocket.30 

temporal va r i a t ion  w a s  seen above the  rocket by the  photometer, a t  the 

rocket by the  e lec t ron  spectrometers and ion mass spectrometer, and f i n a l l y  

below the  rocket by the  down looking port ion of t he  up-down photometer 

(Section 3.5), 

and/or s p a t i a l  var ia t ion  above the  rocket only and w a s  not a t  a l l  seen Idr 

ca l ly ,  For t h i s  reason, the  l i n e  drawn t o  ind ica t e  the  overhead in t ens i ty  

measured by t h e  photometers ignores t h i s  pulse and is  drawn as a smooth curve 

jo in ing  the  points  measured while t ravers ing the  s t a b l e  layer  below where 

the  pulse was seen and those measured afterwards, a l s o  during a s t a b l e  period 

of emission. 

There is no 

Contrast t h i s  p i c t u i e  with t h a t  observed i n  1968 where a 

The pulse observed i n  1967 is considered t o  be a temporal 

During the  downleg of t h i s  f l i g h t ,  t h e  in t ens i ty  of the  aurora as 

indicated by t h e  up-down photorneter3O and the  t o t a l  e lec t ron  f lux  measured 

by Doeringzg decreased by a f ac to r  of t h ree  while the  rocket traversed from 

130 Ecm t o  105 km. 

s ince  the  l i f e t imes  of the exci ted atoms, except possibly t h e  O(IS) , are small. 

Doering's e lec t ron  spectrum29 f o r  105 km is shown i n  Figure 15. 

In  s p i t e  of t h i s  decrease, t h i s  da ta  w i l l  be analyzed 

Those fo r  103 and 100 km are the same, and the  one fo r  97 km is decreased 

i n  magnitude by a f ac to r  of about 2.5. Very c l ea r ly ,  t he  d i f f e r e n t i a l  
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- 105 km. 
- 
.I 

U A  4.163 

Figure 15. Electron energy spectrum measured by Doering in  1967 on the 
upleg of the experiment. 
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flux 4(E) can be approxtmated by 

$(E) a EmA 

where A is the appropriate exponent and has the,value 1.36. 

the volume emission rate of the A3914 

At 105 km, 

is found by 

~(3914) = 4a n(N2) +(E)o(3914<\E) dE 
thresh0 Id 

where ~(3914) is the volume emission rate, n(N2) is the number density 

of N 

the (0-0) band as recently measured by McConkey, Woolsey, and Burns.31 

This cross section is in good agreement with other recent measurements. 32 9 33 

This integration has been numerically performed on the 7090 computer 

to 2 kev using the absolute calibration indicated by Doering (Figure 15). 

The calculated Value of ~(3914) is a factor of six too large, but in 

discussion with Doering, it was.decided thqt his calibration could be 

that far off because of geometric and other problems during calibration 

which affect the absolute sensitivity. The magnitude of the total flux 

at 105 km, and o(39141E) is the excitation cross section for 2 

is normalized at 105 km so the calqulated volume emigsioa rate is the 

saqe as $that observed. 

The.computer,also calculated the totgl91ux 
OD 

QT = 4T $(E) dE* 
'threshold 

An ayerage excitation cyos$ section, 5(3914), can be calculated from 
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E (3914) iS(3914) = 
'T n(Np) (13) 

and has a reasonable value of 1.0 x 10-17cm2 at 105 km using the 

corrected differential flux for evaluating 4,. 

Throughout the flight, the secondary electron spectrum is assumed 

constant. Doering's experience indicates that this is so. A number 

of secondary electron spectra. are reviewed by P f i ~ t e r . ~ ~  These have 

been taken for various auroral intensities and at various altitudes. 

The spectra presented are remarkably similar. 

Assuming a constant energy spectrum, and hence a constant 

i3(3914), the total flux has been calculated from the volume emission 

rate of the X3914. 

is the total flux indicated by a Faraday cup collector built into the 

secondary electron spectrometer. 

normalized to the value determined at 105 km. 

measured signal, agreement is very good on the upleg and differs by 

much less than a factor of tyo except near the very bottom of the 

emitting layer. On the downleg agreement is less good, the flux 

measurement and up-down photometer showing a factor.of three change 

and the calculated flux showing a change of an order-of magnitude. 

It is shown in Figures 16 and 17. Also given 

This measured flux has also been 

Considering the noisy 

The fluxes calculated above,will be used for several further 

calculations. First, the volume emission rates of the A6685 first 

positive band will be calculated. Figure 18 shows the.energy levels 

of molecular nitrogen which are of interest. The excitation of the 
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c I ,  I I 
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ALTITUDE (km) 
Figure 16. Total electron flux calculated from ~(3914) compared w i t h  the 

normalized measured tot81 flux. This is for the upleg of the 
1967 experiment. 
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Figure 17. Total electron flux calculated from E (3914) compared 
with the normalized measured total flux. This is for 
the downleg of the 1967 experiment. 
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Figure 18. The energy levels  of the nitrogen molecule which are of interest,  
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first positive system by electrons is the sum of the excitation of the 

B311 

through the,second positive system. 

these two states have been estimated by Green and Barth3' and more 

recently by Stolarski et 

of the C311u state is in accord with that measured by Stewart and 

Gabathuler. 37 

state and theiC311u state which feeds the B31? 
g g 

state by cascading 

Cross sections for excitation of 

The cross section they use for excitation 

Green and Barth's cross sections have been numerically 

integrated with the corrected flux. 

A6685 band, ~ ( 6 6 8 5 ) ,  is given by 

The volume emission rate for the 

~ ( 6 6 8 5 )  = 0.03~4~ n(N2) [ @(E)0(B3H 1E)dE + $(E)a(C3nuIE)dE] 
(14) I g 

where the .03 is the percentage of first positive photons emitted into 

the (5-2) band at  A6685. This number comes from tables of Franck-Condon 

factors computed by Benesch et 

A6685 

The volume emission rate for the 

band can be related directly to the A3914 band by 

Assuming that the energy spectrum is constant, the A6685 volume,emission 

rate should follow the A3914 volume emission rate in the ratio indicated.' 

That this is not the case can be seen in Figures 19 and 20. 

The first additional correction that seems reasonable to make 

is to increase the contribution of the integral 1 @o(B3ng)dE by a factor 
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Figure 19. Calculated and observed values of ~ ( 6 6 8 5 )  using the cross 
sections of Green and Barth.35 
experiment. 

This is  the upleg of the 1967 
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Figure 20. Calculated and observed values of ~(6685) using the 

cross sections of Green and Barth.35 This is the downleg 
of the 1967 experiment, 
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of 2.9. 

cascading through thesecond pos i t i ve  system, 

observations by Broadfoot and H ~ n t ; e n ~ ~  and is h5gher than those of 

Beaesch et  al.38 and Shemansky and Vallance Jones.40 

cross  sec t ion  used by Green and Bareh and measured by Stewart and Gabathuler 

f o r  t h e  C311 

exc i t a t ion  t o  the  B3R 

Then, 16 percent of t he  f i r s t  pos i t i ve  system is  coming from 

This is i n  l i n e  with 

It assurned the  

state is  about r i g h t ,  and the  estimated cross sec t ion  f o r  
U 

s tate is too low. 
g 

This change I s  an improvement as can be seen i n  Figures 21 and 22, 

but there  is s t i l l  room fo r  more improvement. 

clear t h a t  the  volume emission rate fo r  t he  A6685 band does not follow 

tha t  f o r  the A3914 band. 

For the  upleg,, i t  is  very 

This is t h e  region i n  which the  e lec t ron  energy 

spec t ra  show no change. 

sea t ion  fo r  exc i t a t ion  of t h e  f i r s t  positive.sys,tem must be found, and 

a v ib ra t iona l  temperature dependence does not seem out.of place. 

Some other  cause fo r  the  var ia t ion  of the  cross  

Dick and Fastie17 have found about .6 kR ob the  second pos i t ive  

emission from the  (2-0), (3-1), and (4-2) bands a t  about 93 km. ThCs has 

been deduced from the  least noisy spectzum*returned 

meter spectrometer a l s o  flown i n  1967. 

d n e  which por t ion  of t he  up-down photometer dgna f ,  was from second 

pos i t ive  system, the  A2972 1S-3P), and the  N Vegard+Kaplan system. 

They be l i eve  the  v ibra t iona l  temperature t o  be around 2000'K f r ~ m  iq- 

t ens i ty  r a t i o s  of various second pos i t i ve  bands. 

rom t h e i r  half  

This spectrum w a s  used t o  deter-  

2 

A t  2000'K vibra t ion  temperature, about 5 percent of t h e  second 

poebe&ve system em&ts i n t o  the  (2-09, (3-1)? and (4-2) bands.41 

measured s igna l  implies about 12 kR of second pos i t i ve  emission. 

The 

This 
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Calculated and observed values of ~(6685) when a(B311) is 
increased to give a 16 percent contribution due to cascading 
from the C3nu state .  
ment. 

This is the upleg of the 1967 experi- 
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ALTITUDE (km)  

Figure 22. Calculated and observed values of ~(6685) when o(B ll 

to cascading from the C3TIu) state. 
of the 1967 experiment. 

is increased to give a 16 percent contribution due 6) 
This is the downleg 
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intturn implies alput.70 kR of first positive eqission, using the 16 

percent cascading assumed earlier. Of the 70 kR, 3 percent is emitted 

into the A6685 band implying about 2 kR for that; band. 

30 percent more than the value observed. 

speculation *for this small disagreement. 

the percentage contribution to the first positive system from cascading 

and the vibrational temperature dependences. 

aurora are required. 

This is about 

There,is plenty of room for 

The most obvious places are 

Further measurements in the 

The preceding discussion of some visible features of molecular 

nitrogen indicated that the source of excitation is reasonably well 

understood. 

electron flux with finer details perhaps dependent on vibrational temper- 

ature of the N 

sion measured for the secondary electron spectrum. 

The gross features are certainly dependent on the secondary 

molecules and departures from the simple power law expres- 
2 

3.3 The Oxygen Analysis 

All three rockets carried photometers which measured the ouer- 

head integrated intensity of ,the OI(lS-lD) green line at 55771. 

1966, the sOI(1D-3P) red line at 63001, the ,01(35P-35S) triplet at 

7774i, and the CII(S~P-~S) triplet at 84461 were also measured. 

1967, the (2-0) and (1-0) bands of the first negative system of 02+ 

(at 52791 and 56181 respectively) were also measured. 

In, 

In 

From analysis of the 1966 data, and only the A5577 green line, 

A3914 blqe band, and total uncorrected electron flux from the 1967 data 
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Donahue et al. 28 concluded that only dissociative recombination could 

excite the O(lS)  in sufficient quantities to cause the observed green 

line emission. Direct electron excitation, 

o + e -t O* + e Y (16) 

was rejected because of the insufficient flux capable of exciting the 

O( IS) state. Dissociative excitation, 

* 
O 2 + e - t 0 - t 0  + e  Y (17) 

was rejected because of an apparent change of cross section with altitude. 

Particularly interesting is 

0; + e 

the dissociative recombination process, 

- t o + o *  ¶ (18) 

where the excited atom 0" may be in either the IS or ID state. 

sion of the volume emission rates for A3914 and A5577 for all flights 

shows that they possess remarkably similar altitude profiles (Figures 13, 

14, 23, 2 4 ,  and 29). 

to the initial ionization process, as indicated by the A3914 signal, 

certainly looks promising. 

follows . 

Compar- 

A mechanism which relates the excitation of O ( l S )  

A more detailed study of all three processes 

Again, data returned from the 1967 rocket will be of most use 

for this analysis because of its completeness. The secondary electron 

energy spectrum as shown in the previous discussion (Figure 15) has been 

integrated with the inelastic electron scattering cross sections of 

Henry, Burke, and Sinfailam.42 Those cross sections are a corrected 
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Figure 23. Observed values of ~(3914) and ~(5577) and the appropriate 
production rate for the lS state as measured on the upleg 
of the 1967 experiment. 
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Figure 24. Observed values of ~ ( 3 9 1 4 )  and ~ ( 5 5 7 7 )  and the appropriate 
production rate for the lS state as measured on the downleg 
of the 1967 experiment. 
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version of those earlier given by Smith, Henry, and Burke43 which i n i  

tu rn  were a considerable r e f  inemen! over Seatonrs9 ea r ly  e f f o r t s .  

The volume emission rate f o r  X5577, ~ ( 5 5 7 7 )  , is  given by 

where a(55771q) is t h e  exc i t a t ion  cross  sec t ion  and Q is  the  quenching 

e- 
f gcfor . 

The O(lS) state  i s  quenched by molecular oxygen. The. quenching 

rate coe f f i c i en t  d(02) gives the  quenching f ac to r  by 

1 
Y (20) Q -  

1 f d(02)n(0 > /  
AIS 

where AIS i s  the  t o t a l  r ad ia t ive  t r a n s i t i o n  probabi l i ty  f o r  t h e  lS state. 

d(02) is  found by Z i ~ f ~ ~  t o  be 2 .1  x 10-13cm3/sec, and Garstang 1 s 45 

values are used f o r  A s. Figure 25 shows the  a l t i t u d e  dependence of Q. 1 
In tegra t ion  of Equation 19 has been car r ied  out  t o  54 ev where 

the  given cross  sec t i ans  end. 

t he  magnitude of t he  c ross  sec t ion  apb expecially t h a t  of t h e  d i f f e r e n t i a l  

f l u x  have decreased t o  such an extent  t h a t  t he re  is  a negl ig ib ly  small 

This is a reasonable l i m i t  s ince  both 

contribution from above 54 ev. The f l u x  @(E) used is  r e l a t ed  t o  t h a t  

calculated f o r  egc i t a t ioa  of t he  A3914 band (Equation 10).  The 

d i f f e r e n t i a l  e lec t ron  f l u x  i s  given by 
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ALTITUDE (KM.) 

Figure 25. The altitude dependent quenching factor for the O(lS) state. 
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In calculating the volume emission rate for X5577, normalization to 

the A3914 band can be made through 

154evE-1 '36~(5577 ,E) dE 
n(o) 4.17ev 

~(5577) = Q ~(3914) (22) 
n(N2)[2evE-1 *36~(39141E) dE 

J 2Oev 

The differential flux is assumed constant with altitude as wae discussed 

earlier. Figure 26 plots ~(3914) as observed, and ~(5577) as, observed 

and as calculated by Equation 22. With the model assumed, one to two 

orders of magnitude deficiency are found, 

enough electron flux to directly excite the O ( ' S )  state as has been 

assumed for many years, 9 ,46 

There simply is not a big 

The dissociative recombination mechanism is fine in many 

respects. The ionization cross section is high, and the recombination 

mechanism channels much energy iqto the lS state. 

all recombinations result in an O(lS) atom.44 

Twenty percent of 

The problem I s  the large 

0 + ion densities necessary at the emitting layers. 

spectrometer measurements in 1968 and those of  other^^^,^* show NO' 

to be the dominant ion in the regions of interest. 

120 km (Figure 33), but it does not contribute much below that altitude 

(Figure 29). 

Our own.ion mass 2 

02+ is there above 

The lack of the necessary 02+ ions caused reconsideration of 

the dissociative excitation mec't;lanism (Equation 18). The measured volume 

emission rate has been used to calculate the dissociative excitation cross 

section by 
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Figure 26. The volume emission rate for direct electron impact excit-  
ation of A5577 compared t o  the value measured on the upleg 
of the 1967 experiment. 
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The @T used is t h a t  qalculated from the  A3%4 band as..diseussed earlier 

(EquaQfon 13) which w a s  i n  goad agreemene wdtih t h e  eorreoted t o t a l  f lux  

meaeured f o r  the  upleg 05 the  1967 expezrhent and showed greaser var i -  

abion than w a s  indfcated by the  Eotal f lux  f o r  the  downiieg. Figures 27 

sad 28 show the  cross  seceions calculated*. Admittedly, there  is some 

appaEent a l t i t u d e  dependence3 bub w3th the fluxes derived from the  

A3914 signal ,  i t  I s  not as bad as indicated by DQnahU8 et  a1.28 

This s l i g h t  va r i a t ion  wlth a l t i t u d e  can be c l ea r ly  resolved by 

eking a8 t he  A5618 and A5 + f i r s t  negative s igna ls ,  Calcul-  

a t i ons  siailar t o  those done t o  get: the d i s soc ia t ive  exc i ta t ion  cross  

sec t ion  have been dbne t o  f ind the average exc i t a t ion  c ross  sec t ions  f o r  

t h e  A5618 and A5279 bands, 

E (5618) a(5618) = 

and 

E: (5279)  B(5279) = 

Since A3914, A.5618, and A5279 a l l  der ive from ioniza t ion  of t he  appro- 

prgate  n e u t r a l  molecule, and t h e  ioni-zatrien thresholds f o r  t he  parent 

states for  both systems are less than 0.5 ev apar t ,49  the  same t o t a l  

glux which has been calculated from the  A3914 s i g n a l  can be assumed 
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ALTITUDE (km) 
Figure 27. The calculated dissociative excitation cross section for the 

A5577 green l ine .  Also shown are cross sections for the (1-0) 
and (2-0) f i r s t  negative bands of 0 f at 56188 and 5279%. 
This is the qpleg of the 1967 experhent. 
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Figure 28. The calculaked dissociative excitation cross section for the 
A5577 green line, 
and (2-0) first negative bands of 02+ at 5618% and 52798. 
This is the downleg of the 1967 experiment. 

Also shown are cross sections for the (1-0) 
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t o  a l s o  excite the  A5618 and A5279 band. 

Figures 27 and 28 a l s o  show Z(5618) and Z(5.279). Well within 

the e r r o r s  associated with i t s  measurement, 'ij(5618) shows on bath the  

upleg and downleg o f , t h e  experiment about t he  same a l t i t u d e  dependence 

as does Z(5577). There 

have been no measurements f o r  t h i s  c ross  sec t ion ,  but Stewart qnd G a b a t h ~ l e r ~ ~  

have published a relative cross sec t ion  f o r  t h e  (2-1) band. 

have published a phenomenological type calculated cross  sect ion f o r  t h e  

parent B4Z state.  
t2 

with +(E) is about s i x  times the  above value of :(5618), implying t h s t  

perhaps 16 percent of the f i r s t  negative emission i s  i n  the  (1-0) band. 

This i s  i n  very c lose  agreement with t h e  17 percent shown i n  a t a b l e  

of re la t ive i n t e n s i t i e s  of t h e  0 * f i r s t  negative system recent ly  published 

by Shemansky and Vallance Jones. 40  

The absolute magnitude i s  about 5 x 10-18cm2. 

Watson et a l , 5 0  

The average of t ha t  cross  sec t ion  when integrated 

2 

Z(5279) shows roughly t h e  same a l t i t u d e  dependence as (5(5577) , 

but t he  change i n  magnitude of t h i s  cross  sect ion from the upleg t o  

downleg of the  experiment i s  puzzling. 

stronger v ibra t iona l  temperature dependence of t he  t r ans i t i on  probabi l i ty  

f o r  t he  (2-0) band than f o r  t he  t r ans i t i on  probabi l i ty  fo r  t he  (1-0) 

band a t  X5618. On the  upleg, B'(5279) i s  about 5 percent of Watson 

e t  a l e ' s  value f o r  exc i t a t ion  of the whole B4Z 

i s  about 1 percent. 

Shemansky and Vallance Jones. 

It probably ind ica tes  a much 

state; and on the downleg, i t  
g 

The higher value i s  c lose  t o  t h e  4.2 percent given by 

Figure 29 shows the  volume emission rate f o r  A3914 and A5577 

measured on the  upleg of the  1968 experiment. A temporal va r i a t ion  
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Figure 29. Volume emission rates for A3914 and A5577 for the upleg of the 
1968 experiment. Also shown is  the contribution from dissoci- 
ative recombination. The dissociative excitation cross section 
is  also shown before and after correction for dissociative 
recombination e 
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starting at 127 km (to be discussed later) has been removed from the 

integrated intensities to obtain.the value8 given. 

for $$.ssocigtive excitation derived from Equation 23 is also shown. 

There are no unreasonable variations,below 130 km, 

iop mass spectrometer data taken at the same time show significant con- 

tribution from dissociative rqcombination. 

The cross section 

A$ this point, the 

Assume for the moment that the dissociative excitation cross 

sect;ion is about 10-16cm2 as indicated in Figures 27, 28, and 29 (at 

the emitting altitudes below 130 la). 

rate for A5577 from dissociative excitation calculated from Equation 23 

is about 45/cm3sec, 

must come from dissociative recombination. At this time, the electron 

density n was measured to be 1,7x105cm3, and the 02+ density n(02 ) 

was 3.8~10~. This implies, by 

At 140 lun, the volume emission 

The, measyred value is about 90/cm3sec. The remainder 

+ 
e 

(26) + ~(5577) = a n n(02 ) e 

that a is 8.4 x 10-9cm3/see. 

temperature is 4 x lO-*~m~/sec.~~ 

electron temperature. 51 9 52 

the electron temperature is 1400'K assuming the,branching ratio to,the 

Themmeasured valve at 300°K electron 

a is inversely proportional to the 

This relationship implies that, at 140 km 

state is temperature independent. This is a very reasonable value 

for$such,a weak aurora. 

At 126 km, the contribution from dissociative recombination, 

assuming 900°K electron temperature, is found to be 80/cm3sec, ?bout 

38 percent of the total. At 116 km, with a 600'K electron temperature, 
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there is a 15 percent contribution., 

127 and 135 km hopelessly complicates analysis of the region where trans- 

ition from the dissociative excitation mechanism to the dissociative 

recombination mechanism occurs. It is clear, however, that: below about 

120 km, dissociative excitation is the primary source of the auroral 

green line; and above about,l50 km, dissociative recombination is the 

source. 

The temporal pulse seen between 

Further confirmation of the appropriateness of the dissociative 

recombination mechanism at the altitudes above 140 km can be seen from 

the A6300 red line. The overhead integrated intensity of this feature 

was measured in the 1966 experiment. Some clearly temporal variations 

in the brightness of the aurora just before apogee complicate the 

analysis of the upleg data; and for the present, only the downleg data 

will be considered. 

origin in the red line signal which is common to all signals measured 

by the filter wheel photometer, and is not seen in the A5577 green 

line or N2+ ING(0-0)  band signals which were measured by independent 

photometers (Section 2 . 4 ) .  

Also, there is a periodic variation of instrumental 

Figure 30 shows the intensities of the green and red lines for 

the downleg. 

the 155 to 170 km region. 

to the red line intensity for the above meotioned periodic fluctuations. 

Figure 31 shows,the red line and green line signals in 

In Figure 31, correction has been applied 

The 

emission of 

state below 

data in Figures 30 and 31-clearly show that no measurable 

the red line occurs below 160 km. Quenching of the O ( l D )  

that altitude is essentially complete. At 165 km, a reason? 
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Figure 30. The red and green intens i t ies  measured on the downleg of the 

1968 experiment. 
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able value for the volume emission rate of the red line, ~(6300)~ is 

130/cm3sec. The volume emission rate of the gree? line, &(5577), is 

1500/cm3sec at that same altitude. 

Following the analysis of .Hunten and McElroy, l 1  the quenching 

factor Q is defined as the ratio of the observed volume emission rate 

to that which would be observed in the absence of quenching. For the 

value which would be observed in the absence of quenching, the volume 

emission rate of the green line multiplied by a constant I" qependent 

upon the source of excitation is used, Thus, 

E (6300) 
Q =  r ~ ( 5 5 7 7 )  

The quenching factor is related to d(X) , the quenching rate coefficient 

for species X, by the following 

where n(X) is the number density of species X and AID is the total 

radiative transition probability from the O ( l D )  state." Therefore, 

Table VI1 gives the value of r determined using the quenching 

rate coef f icieacs measured in the ~ laboratory by Noxon' 

These values of the ratio r are to be compared with laboratory measure- 

ments by Zi~f'~ and airglow analysis reviewed by Hays and Walker55 which 

indicate that for dissociative recombination (Equation 18), between four 

and Young5' 
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r 

L'ABLE VI1 

Experimentally determined excitation 

ratlo r 

Noxon' 

6 . 0  x 10-11cm3/sec 

10 x 10'llcm3/sec 

6.1 

young 54 

4 x 

5 x 10-~1crn3/sec 

3 . 1  

r ave 4 . 6  
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and five O ( l D )  atoms are produced (including cascading) for eaah O ( l S )  

atom produced. This is in good agreement,with this analysis. 

The ratio r can be calculated for-the direct electron excitation 

mechanism, 

and 

3 

using the calculated excitation cross sections42 and measured electron 

fluxes. 

measure the electron flux at energies as low as the 2 ev excitation 

threshold of the O ( l D )  state. l 6  

and already discussed (Section 3 . 2 ) ,  scanned to one electron volt. 

The spectral shape which that unit qeasured at 105 km has again been 

assumed to hold at 165 ktn (Figure 15). 

The secondary electron spectrometer on this experiment did not 

A similar instrument, flown in 1967 

The ratio r is dependent only upon the energy dependence of the 

flux and cross section functions, and is given by 

where $(E) is that given in Equation 10. The .95 is the contribution 

due to cascading from the l S  to l D  states. Numerical integration was 

performed on a computer as mentioned earlier. The 54 ev upper limit is 

sufficient because o f  the pronounced decrease in both cross section and 
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flux above 9 ev. The value obtained f o r  r is 18. This is severa l  t i m e s  

t he  value observed. 

It should be noted here t h a t  any theory which requires  an ex- 

tremely "soft" €lux, necessary because of the  l o w  value of the exc i ta t ion  

cross  sec t ion  of the  O(lS)  state, wEll produce values of r much grea te r  

than 18. 

Their high value of r ,  and the resul tanf  higb value of t he  volume emission 

rate a t  a l t i t u d e s  below 150 km I ~ ( 6 3 0 0 ) ~ k 5 0 0 1 c ~ ~ s e c . a t  1SO-km fo r  70 kR 

The value 38 appeared i n  a receqt 'paper 'by Rees et  a l ,  56 

of the  g reen - l ine ]  is not supported by t h e  rocker me measurements. 

The quenching of O(lD] providis a check on the re jec t ion  of 

d i r e c t  e lec t ron  impact exc i ta t ion  as the  primary source of the aurora l  

green I ine ,  

of the e lec t ron  flux shown earlier i n  thks sect ion;  The qu 

U( ID) supports d i s soc ia t ive  ,recombination as the  source of the green 

l i n e  a t  high a l t i t u d e s  i n  so f a r  as the  measured exc i ta t ion  r a t i o  is  

i n  agreement with t h a t  known f o r  d i s soc ia t ive  recombination. 

presented here a l so  confirms Hunten and McElroy' s1 

analysis  of the  red-green i n t e n s i t y  r a t i o  such as done be Seatunlo is 

inva l id  because the  emissions o r ig ina t e  from sudh dramatically d i f f e ren t  

a l t i t u d e s .  

This is independent of the  order of magnitude deficiency 

The da ta  

a s se r t ion  t h a t  the  

While quenching of t h e - r e d  l i n e  i s , a  coaffrmation of t he  high 

a l t i t u d e  d i s soc ia t ive  recombination source of t h e  greefa Hme, there  is 

other  evidence t o  show t h a t  the  major port ion of the  green l i n e  inten- 

. s i t y ,  which is  emlttred i n  the  &DO t o  I20 km region (Figure 29), comes 

from a process d i r e c t l y  involving the  ion iz ing  flux. Observations of 
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auroral pulsations by Omholt and Harang57 and Evans and Vallance Jones,58 

which concern phase and amplitude differences between the green line 

and the first negative system of N +, have about the expected dependence 2 

for the direct electron excitation reaction 

o + e += o ( ~ s )  + e ( 3 3 )  

To which the green emission had long been attributed. 

that the reaction 

It is noted here 

o2 + e -+ o + o ( ~ s )  + e ( 3 4 )  

would also show about the same phase and amplitude relationship as 

Reaction 33 .  Differences observed would be from the minor contribution 

to the total intensity due to dissociative recombination at high alti- 

tudes and the decreasing density of O2 with respect to N2 once diffusion 

establishes itself as controlling the atmospheric densities. 

To obtain first hand data, a two channel photometer was constructed 

so that each channel looked at the same portion of the sky. It contin- 

uously recorded the A5577 green line and A3914 (0-0) first negative 

band of N2 . The instrument was placed aboard the NASA Convair 990 

for the NASA Airborne Auroral Expedition. The expedition spent six 

weeks in the field and about 80 hours flying in the Arctic observing 

auroras and polar nightglow. 

+ 

The A3914 signal is used to provide information about the in- 

coming electron flux. 

function of time t is found by 

Using Equation 1 3 ,  the total electron flux as a 
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E. (3914 I t) 
@T(t) g(3914) n(N2) (35) 

where ~(39141 t) is the time dependent volume emission rate of X3914. 

For the dissociative excitQtion process (reaction 34), the time 

dependent continuity equation is 

where ~(55771t) is the time dependent volume emission rate for A5577 

and T is the lifetime of the O ( l S )  state. (A similar equation can be 

written-for direct electron excitation, but in view of the insufficient 

electron flux and improper excitation ratio mentioned earlier, further 

development is abandoned.) The solution to Equation 36 io 

E (5577 t) = E(5577 

where @,(t) has been replaced by Equation 35. 

The photometer, however, does not measure the volume emission 

rate. It measures the integrated intensity I, where 

The simplifying assumptions made to conveniently perform the 2 integration 

will be discussed. 



72 

T t p  l i f e t ime  of t h e  0 t 1 S )  stste is dependent on,al t i tucle  because 

'I is re l a t ed  t o  of quenching by D2. 

t he  quenching f ac to r  by 

This is s i g n i f i c a n t  below 110 km. 

. (39) 

(Equation 21 and Figure 2 5 . )  

i n s ign i f i can t ,  quenching is ignored f o r  these ca lcu la t ions  remembering 

tha t  its efEect w i l l  be t o  shorten the  e f f e c t i v e  l i f e t ime  t o  some average 

't. The o ther  assumption made is tha t  during temporal pulsat ions the  

energy d i s t r i b u t i o n  of t he  excft fng f l u x  remains the  same and.hence the  

a l t i t u d e  d i s t r ibu t ions  of the  two emfssfons remain the  same. 

tion 2s i d e a l i s t i c ,  but the  rocket data  f o r  more s t a b l e  aurora ind ica tes  

t h a t  t h i s  is a t  least reasonable f o r  a f i r s t  s tep .  The e f f e c t  of these 

s impl i f ica t ions  i s  t o  allow the  integrated in t ens f ty  t o  be considered 

proportional t o  the l o c a l  emission rate. 

While the  a l t i t u d e  dependence is not 

- 

This assump- 

Equation 37 becomes 

-( t - to)  /; I(55771t) = I(55771td) e + 

By Equation 35 and the  t i m e  independent vers ion of Equation 36 
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where t 

established in the,colurpn observed. Because of variations of the ratio 

of intensities of green to blue, it is convenient to let t be the same 

as to, the, initial time chosen; and hence, to is,chosen as the last 

reasonable quiescent period before the pulsations investigated begin 

is a quiescent period of observation where equilibrium has been Q 

Q 

A compucer program ha$ been written\which solves the following 

equation , 

I(55771 t) = I(55771 to> 

t 
L 

-t/T t ' / s  dt' e I(3914)t') e -rI(39141to) 

when given I(3914 I t') at sufficiently small time intervals that 

I(3914 I t') can be coesidered linear in time over that interval. 

During the Auroral Expedition, several periods of pulsations 

were observed. For none of these was the A5577 intensity greater than 

3 kR. 

1968. 

pulsations were being seen and not fine auroral s t r u c t ~ r e . ~ ~ ~ ~ ~  

reasonable value for to was found, and about 50 seconds of pulsations 

were calculated on the basis of the A3914 integrated intensity. 

Figure 32 shows the A3914 source signal, the A5577 calculated signal, 

and the A5577 observed signal. 

observed signal from the calculated signal. 

is the consistent 3 to 10 percent decrease of the observed A5577 intens- 

ity at pulsation peaks compared to the calculated intensity. This could 

So far analysis has been done on one period at 09:24 UT on 3 March 

Other photometers and the all sky camera aboard confirmed that 

A 

There is no strong departure of the 

The most noteworthy difference 
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Figure 32. A series  o f  pulses observed at  0 9 : 2 4  UT on 3 March 1968. 
At the peaks, the calculated infensity (dashed line) is  
greater by 3 to 10 percent than the observed intensity 
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be caused by slower nonlinear e f f e c t s  due t o  t h e  minor contr ibut ion t o  

the t o t a l  A5577 s igna l  from the high a l t i t u d e  d i s soc ia t ive  recombination 

mechanism. 

accompanying changes in  a l t i t u d e  d i s t r ibu t ion  which are unknown. 

It could a l s o  be caused by e lec t ron  energy changes and the  

This experiment did not f ind the  dramatic phase and amplitude 

changes expected f o r  t he  d i s soc ia t ive  recombination mechanism. 28 s6 

Furthermore, s ince  NO+ is the dominant ion,  the  analysis  which indicated 

these dramatic e f f e c t s  i s  inval id .  

consis tent  with the  ion m a s s  spectrometer r e s u l t s  has ye t  t o  be developed, 

An analys is  considering only the  d i s soc ia t ive  recombination mechanism 

w i l l  be appropriate only f o r  very high pulsat ing auroraso 

s tud ie s  of pulsat ion with respect  t o  the  green l i n e  are not expected t o  

y i e ld  vas t ly  d i f f e r e n t  r e su l t s .  

A more complex replacement analysis  

Further 

Romick and Belom62 have found the  I(5577) /I(3914) r a t i o  is higher 

toward t h e  center of s t a b l e  arcs .  

and M o l t  e 

is nonlinear and can explain the  observed phenomena. 

is dependent upon b e t t e r  t heo re t i ca l  knowledge of t he  ion composition 

This has been confirmed by Brekke 

The high a l t i t u d e  d issoc ia t ive  recombination mechanism 

Further discyssion 

and d e t a i l s  of the  analysis  of t he  ground based data.  

t ions  necessary f o r  reduction of ground based da ta  obviously aeed re-evalu- 

a t i o n  i n  view of the  rocket borne data.  

Some of the  assump- 

A l l  observations are consis tant  with the  dual d i ssoc ia t ive  

proposed i n  t h i s  sect ion.  

are t o  be expected, and fu r the r  sophis t icated rocket inves t iga t ion  of 

b r igh te r  auroras is very important. 

Variations of the  contr ibut ion of eauh mechanrtsm 

It is a l s o  expected t h a t  when the  
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dissociative eycitation cross section is measured in the laboratory, it 

will be found between 6 and 10 x 10-l7cm2. 

3 . 4  Ion Composition 

Figure 33 shows the smoothed ion densities (except 4+) measured 

The values given are corrected as on the upleg of the 1968 experiment. 

diseussed earlier (Section 2 . 3 ) .  

downleg for 4'. 

than the upleg as would be expected when the ion mass spectrometer 

fell back through a vehicle generated cloud. 

Figure 34 shows data for the upleg and 

The downleg of the flight shows considerably more 4' 

Helium was used to pres- 

surize the rocket sustainer and is believed to be the source of much of 

the 4+ ions detected, expecfally the excess observed on the downleg. 

There are several striking features in the ion data. The data 

shown in Figure 3 3  is very similar to that of Johnson et al.47 and 

Swider et al.48. 

carried with this experiment guarantee that the rocket was in an aurora 

when the data was taken. 

It shows far more NO+ than expected.28 The photometers 

In the 115 km to 126 km region, where constant excitation 

conditions prevailed, the ratio of 30+ to 32+ varies from about 20 to 8. 

The latter number is in reasonable agreement with that of Swider et al. 

To explain this high ratio, higher density of neutral NO has been 

suggested. Another means of increasing this ratio would be the following, 
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Figure 33. The ion densities measured by the ion mass spectrometer. 
Dashed lines indicate values expected had there been no 
fluctuation at 127 km. 
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Figure 34 .  He+ densities observed in the 1968 experiment. 
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here N2* is a vibrationally excited nitrogen molecule. Both mechanisms 

increase the NO+ density at the expense of the 02+ density. Possible 

dependence of the rate coefficient for Reaction 43 on the vibrational 

temperature of the neutral NZ, as is known for the reaction 

O+ + PI; -+ NO+ + N ¶ (44) 

could produce the two orders of magnitude increase which would cause the 

NO+ to 02+ ratio observed, 

The above proposal does not appear consistant with the high 

O+ density observed in the 1968 experiment. 

for the density of O+, n(O+), for steady state conditions is 

The continuity equation 

where P(O+) is the production rate of Of, k12(Tv) is the vibrational 

temperature dependent reaction rate coefficient for Reaction 44, and 

is the reaction rate coefficient for the charge exchange reaction k13 

o+ 4- o2 -+ 02+ + 0 . (46) 

The production of 0' is related to the ionizing flux as determined from 

the volume emission rate for A3914 by 

ag was done by Donahue et a1.28 

to the gas temperature of about 310°K, Equation 45 at 125 km gSves only 

Using a vibrational temperature equal 
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about 30 percent of t he  densi ty  observed. This d i f fe rence  is  somewhat 

grea te r  than the tolerances on the absolute ca l ib ra t ions  involved. An 

increase i n  v ib ra t iona l  temperature only makes the  s i t u a t i o n  worse. 

Ffgure 35 shows the  important source and loss terms fo r  each 

const i tuent  ion. Assuming steady state exc i ta t ion  conditions,  the  

cont inui ty  equations of t he  model shown i n  Figure 35 are 

A versatile computer program has been wr i t ten  which e a s i l y  

solves  t h i s  set of nonlinear equations by a series of approximations 

f o r  t he  t o t a l  e lec t ron  density.  

searched u n t i l  t h e  value chosen agrees t o  any desired precis ion with 

the  sum of the  ion dens i t ies .  

L i s t s  of values f o r  ne are successively 

Figure 36 shows the  ion composition 



81 

+ N  

Ne + e  - N l +  e + e 

v- o + e  - o + e + e  

I O,+e - ~ , * + s + e  

Figure 35. Ion Chemistry Model used in discussion of the 
ion composition. 
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calculated using the  accepted rate  coefficient^^^,^^,^^'^^ and the  

o ther  parameters indicated less any contr ibut ion from the charge exchange 

reac t ion  

0; f NO -+ NO+ + O2 (53) 

Ionizat ion is derived from the  measured A3914 signal .  28 

Increasing t h e  rate f o r  k t o  a value of 4 x, (assuming 32 
a subs t an t i a l  increase i n  k 

1200OK) ins tead  of 

f o r  v ibra t iona l  temperatures not exceeding 32 

gives the  d i s t r ibu t ions  as shown i n  Figure 37, 

which is much c loser  t o  thaf observed. A similar ion d i s t r i t h t i o n  can 

be obtained i f  t h e  p o s s i b i l i t y  of NO dens i t i e s  upwards of 108/cm3 at  

120 km is accepted. Furthermore, i f  the ca l ib ra t ion  of the  ion mass 

spectrometer is  assumed high by the  fac tor  of about two t o  which the  

absolute  ca l ib ra t ion  is believed, then the  calculated d i s t r ibu t ion  with 

about 4 x agrees qu i t e  w e l l  ove ra l l  although not as w e l l  i n  

It should be noted t h a t  t h i s  decrease would a l so  d e t a i l  (Figure 38). 

decrease the  e lec t ron  temperature a t  140 km t o  about 400°K, and would 

decrease the  contr ibut ion of d i ssoc ia t ive  recombination t o  the  A5577 

s igna l  i n  the region below 130 km (Figure 29). 

not  consider s m a l l  quan t i t i e s  of atomic ni t rogen which may be present. 

Should t h i s  be detected,  i t  could alter the  ion chemistry s ign i f i can t ly .  

This discussion does 

4 

3.5 A Fluctuation 

On the  upleg of t he  1968 experiment, a sharp temporql and/or 

s p a t i a l  variation was seen s t a r t i n g  a t  127 km. Figure 38 shows the  
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Figure 37. Ion com osition'expected with kS2 increased from 
4 10-f3cm3/sec. 
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Figure 39. A3914 and A5577 intensit ies  recorded on the upleg of the 
1968 experiment. The fluctuation is clearly present. 
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integrated overhead i n t e n s i t i e s  of t he  A5577 and A3914 emissions. 

The i n t e n s i t y  enhancement is s t r ik ing .  When t h i s  d a t a  is considered 

with the mass spectrometer data ,  e lec t ron  spectrometer da ta ,  and the  

up-down photometer da ta ,  a reasonably clear p ic fure  of what happened 

is obtained. 

Figure 40 shows t h e  up looking and down looking i n t e n s i t i e s  

recorded by the  up-down photometer. 

reference t o  the  ion da ta  presented i n  Figure 33. 

Also shown is t he  €I+ ion da ta  f o r  

A t  the  t i m e  t he  rocket w a s  a t  about 122 km, the  incoming f lux  

increased about 100 percent;  and t h i s  pulse of e lec t rons  slowly moved 

down the  magnetic f i e l d  l i n e s  reaching the  rocket when the rocket was 

a t  about 127 km. 

i n  the  v i c i n i t y  of t he  rocket was observed; and f o r  t he  f i r s t  t i m e ,  

N2+ was seen (Figure 33). Also, the  primary and secondary e lec t ron  

spectrometers showed a doubling of the t o t a l  f luxes a t  t h i s  exact t i m e . 2 9  

No reduction has ye t  been done by Doering t o  see i f  the  secondary spec t ra  

changed during t h i s  pulse.  

where it w a s  observed by the  down looking observations of t he  up-down 

photometer. 

increasing t o  the  r igh t .  

of t h e  f i e l d s  of view of the  up-down photometer. 

A t  t h i s  point ,  a sharp increase i n  a l l  ion dens i t i e s  

Final ly ,  t he  pulse  passed below the  rocket 

Figure 41 shows what occurred diagrammatically, with t i m e  

The arrows on the  trajectory show m i e n t a t i o n  

The densi ty  of l i n e s  

i n  the  region shown f o r  t he  pulse  ind ica tes  t o t a l  emission fo r  t he  pulse  

only. 

i n i t i a l  constant f lux.  

The column on the  r i g h t  ind ica tes  t h e  steady port ion due t o  the  

The above q u a l i t a t i v e  discussion can be made quant i ta t ive  with 
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Figure 40. Up-down photometer signals and O+ density. The enhancement 
below the rocket was clearly much later than that above. 
Dashed l ines  give calculated intensit ies  expected had there 
been no fluctuation. 
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some assumptions, 

Model VII. 

ation cross section 0' 

tometer (in arbitrary units) has been found from 

Column densities have been calculated from atmosphere 

At 120 km, well before the pulse was seen, an average excit- 

for the emissions observed by the up-down pho- U-D 

= 1 E.7 n(N2jZ)CPN2 4- . 3  n(021Z)@ ]%-D dZ 
IUP 02 

(54 )  

where about 70 percent of the intensity Iup is assumed to come from the 

N2 second positive and Vegard-Kapdan systems,30 and 30 percent is from 

A2972 OI(1S-3P) which, at this altitude, is partially related to n(0,) 

by ionization and subsequent recombination, and partially by dissociative 

excitgtion (Section 3 . 3 ) .  

of the excitation cross sections for the two species considered, separate 

Because of the different energy dependences 

is the flux used in the 
@02 

total fluxes Q and CP were considered. 
N2 02 

earlier discussion which was derived from the A3914 volume emission rate 

by Equation 13. 

t o  100 ev which is the significant region for excitation of the second 

is the total flux in the energy interval from 11 ev 

positive system which contributes most of the signal from N2" After 

was found to be about the same as CP , and they have been 
O2 

calculation, 

T '  considered equal to CP 

With 5, D, the up intensity for any altitude could be calculated - 
from 
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where E ( N 2 )  and ii(02) are the column densities at altitude Z .  

shows the values obtained in the region of the pulse. 

excellent agreement with expectations had no pulse been observed, espe- 

cially after complete transit of the pulse (above 140  km). 

Figure 40 

These are in, 

Once ?f was found from the upward intensity at 120 km, the U-D 

effective downward column density i$ at the same altitude was found 

from 

The down intensity could then be calculated from 

where AE(X) is the column density 

densqty at altitude Z. Figure 40 

intensity. At 150 km, it appears 

the pulse. 

Referring back to Figures 

of species X at 120 km less the column 

also shows the calculated downward 

there are still some effects from 

39 and 40, it appears that between 

122 and 124 km, the pulse shows about 20 percent of the total increase 

it caused at 127 km. Thus, when the rocket is at about 123 km, the 

bottom edge of the pulse is at an altitude where the column density is 

20 percent that found at 127 km. From the model, this is about 150 km. 

At about 134 km, the down looking photometer shows that the 

leading edge of the pulse is being extinguished. 

of the leading edge of the pulse in Figure 41. 

This allowed positioning 

+ The shape of the pulse is pretty clearly indicated by the N2 

Figure 42 shows the relative primary flux measured during signal. 
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Figure 41. The pulse is shown to descend slowly into the atmosphere. 
as the rocket continues towqrd apogee. 
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0 

Figure 42. The bump shown is the primary electron flux measured when 
the pulse passed the rocket. 
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flight by Doering's primary electron spectrometer. 

is difficult to place in Figure 41 because of the&slower cutoff of the 

pulse. Also, it is riot yet clear that the pulse was of uniform extent: 

throqghout its descent into the atmosphere. The calcqlation o f  the down, 

intensity indicates that a vertical spatial spreading of the pulse could 

cause the discrepancy noted at 150 km. 

spatial variation on top of this obvious temporal pulse. 

The.trailing edge 

There could also be a slight 

A most interesting feature of this pulse is the slow velocity 

with which it entered the emitting atmosphere. 

the pulse as drawn in Figure 41 is assumed reasonable, then at 140 km 

the pulse was moving down at about 5 km/sec. The velocity appears to 

decrease as it penetrates to about 100 km. 

If the leading edge of 

TZle,data shows the pulse to be primarily of temporal origin. 

Purely spatial variations seem unlikely since the rocket trajectory 

was well aligned with the magnetic field lines during this portion of 

the flight. A ground based photometer saw an increase of 30 percent 

in the A3914 signal at the appropriate time. 

double can be attributed to several possible factors. 

photometer was not necessarily pointed in line with the rocket. 

aimed at the predicted point for an altitude of 100 km. 

the field of view of the photometer covered a much larger area of the 

emitting layer than did the rocket borne photometers. This may indicate 

a patchiness in the aurora and hence that more of the fluctuation should 

be attributed to a local spatial variation than has been. 

That this signal did not 

The ground 

It was 

More important, 
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4. o CONCLUSION 

The data discussed in Chapter 3,  gives a rather complete picture 

of the excitation mechanisms of the prominent emission features of the 

aurora. 

emissions of N2+, as proposed by Bates,6 is shown to be completely com- 

patible wieh laboratory measurements of the excitation cross section 

and measured electron spectra of energy less than 2 kev. The apparent 

error in calibration of the flight electron spectrometer was such that 

more first negative emission was expected than was observed. 

tion to the absolute calibration that was made is reasonable. The use 

of the volume emission rate of the A3914 (0-0) band as the source of 

a total incoming flux has been shown to be most useful, 

Electron impact ionization of N' resulting in the first negative 2 

The correc- 

The first and second positive emissions of N are also excited 2 

by electron impact. 

N2(C3nU) state is realistic.35 ,36 

for the,N2(B311 ) 

to be in agreement with Broadfoot and Hunten's3' ratio of second positive 

emission to first positive emission. 

to agree with others. 38 y 4 0  

first positive emission ratio seems warranted, especially if measure- 

ments of the vibrational temperature indicated by each system can,be 

included. 

The calculated cross section for excitation of 

The cross section which is calculated 

needs to be enlarged by a factor ,of three 
g 

The increase will be even larger 

Further investigation of the second positive- 

The source of the most prominent feature of the aurora, the 

Direct A5577 green line, has been shown to involve O2 rather than 0. 

electron impact excitation of the O(lS) state as suggested by Seaton8 is 
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shown,insufficient when measured fluxes are considered. Independently, the 

excitation ratio of O(lD) to O ( l S )  at 165 km is also shown to be,incom- 

patible with direct eTectron excitation and in good agreement with dis- 

sociative recombination. Dissociative excitation, rejected by Donahue 

et a1.,28 has been re-examined and the objections have been removed by 

examinqtion of the 0 

sociative recombinaqion to be important starting about 125 km and becoming 

first negative emigsions and by considering dis- 2 

more dominant as the altitude increases. Pulsating auroras also indicate 

the low altitude dominance of dissociative expitation. 

ment of the cross section for dissociative excitation of the O ( ' S )  state 

is most urgent. 

value of 6 - 10~10'~~cm~ observed in the aurora. 

Laboratory measure- 

There is definite need of confirmation of the large 

Compared to nitrogen, the first negative system of O2 has been 

The agreement of the little that neglected in the laboratory studies. 

is discussed here is heartening. 

decrease of the excitation cross section of the (2-0) band with respect 

to the (1-0) band seen in 1967. 

The biggest puzzle is the apparent 

The ion composition of the emitting regions of the aurora is 

unexplained in terms of the conventional ion chemistry. 

decreases 0 ' qnd increases NO+ is necessary. 
neutral NO is reasonable only for high densities of NO. 

that an increqse of the reaction rate for 0 ' on vibrationally excited 
N 

in excess of 1200'K are nof required. 

neutral atmospbere, including NO and N measurements, is necessary. Should 

A process which 

Charge exchange with 2 

It is suggested 

2 

producing NO' could be the needed process if ,vibrational temperatures 2 

Further investigation of the 
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large quantities of NO be found, a source will also have to be found. 

The use of the up-down,photometer in analysis of fluctuations 

has been demonstrated. 

rocket probe of the aurora. 

the 1966 esperiment would have been more complete,,and perhaps solved, 

had an up-down photometer been present on that experiment. The joint 

Johns Hopkins University-University of Pittsburgh payload as flown in 

1968 is a complete auroral experiment. 

the important parameters for the quantitative study of the aurora has 

been demonstrated by the rather complete picture of the atomic and 

molecular physics of the aurora which is discusged in this dissertation. 

Further experiments will permit it to add the ion chernilstry of the 

aurora to its list of accomplishments. 

It is clearly an essential instrument on any 

Discussion of the bilqyering observed in 

Its ability to measure most of 
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APPENDIX A: THEORETICAL CONSIDERATIONS APPLICABLE 
TO INTERFERENCE FILTER PHOTOMETERS 

A simple photometer consists of an aperture system to define 

that portion of the emitting surface frQm which it accepts light, a filter 

to isolate the desired spectral feature, and a suitable detector to 

convert the light signal into a usable electric signal. 

filter is commonly used for narrow band applications in the visible, 

near ultraviolet, and near infrared. 

The interference 

The basic principle applied in interference filters is multiple 

beam interference, In modern narrow band pass filters, alternate layers 

of high and low refractive index dielectrics are evaporated onto a glass 

substrate. The thickness of the coatings determines the ultimate peak 

wavelength (wavelength for which the transmission is a maximum), band- 

pass (width in A at one half the maximum transmission), and maximum 

transmission. 

pass filter for normal incidence light. 

glass are themselves wide band pass or cut off type glass filters. 

Their use is necessary to prevent transmission of nearby orders.67 y 6 *  

Figure 43 shows a typical curve for a nominal 10 band 

Often the substrate and cover 

Interference filters are temperature sensitive due to the thermal 

expansion properties of the dielectric layers. 

variable values in the neighborhood of an Angstrijm unit per several degrees 

Kelvin. Exact values are, of course, dependent upon the particular filter. 

The filters can also show aging, especially the very narrow band pass ones. 

"/AT is positive, with 

The peak wavelength will decrease with age. 

nominal 3 A band pass filter can shift 3 W in only a few months.69 

The peak wavelength of a 
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PEAK WAV E LE 
-4 I=--Ah 

x -  

Figure 4 3 .  A typical transmission curve for a narrow bandpass f i l t e r .  
Also shown is  the sh i f t  for non-normal incidence. 
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For mult iple  beam in te r fe rence ,  t he  wavelength passed is 

dependent upon the  angle of r e f r ac t ion  8' i n  t he  in t e r f e r ing  media as 

given by t h e  mult iple  beam in te r fe rence  formula 

= 2 n ' t  cos 0 '  = A, cos 8 '  (58)  
e 

It is at once apparent t h a t  oblique incidence w i l l  cause a s h i f t  toward 

shor t e r  wavelengths. This important r e s u l t  warrants fu r the r  discussion. 

Applying the small angle approximation 

8 O 2  Ah = X-A, -Ao "i- 
o 

From Snel l ' s  l a w ,  t he  angle of incidence 8 of l i g h t  on the  f i l t e r  

is re l a t ed  t o  0 '  by 

9 

considering n - 1 f o r  a i r ,  Thus 

The commonly used formula f o r  the  s h i f t  of band pass i s  

X 02  
0 

AX -- 
6 

The transmission of t h e  f i l t e r  ~ ( h , 8 )  becomes r [ X ( l + ~ ) ]  O 2  as i l l u s t r a , t ed  

i n  Figure 43. Table VI11 gives some values of AA a t  commonly used A, 

fo r  severa l  values of 8. 

I n  a photometer, the value of 8 var i e s  from 0 t o  some emax which 

In  the simplest  use, the  aperture  is determined by t h e  aperture  system. 
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TABLE VI1 

Bandpass shifts (in 6 for interference filters as a 
function of wavelength and angle of incidence. 

f /10 f/l2(lens) 
f/8 2.9' 2.4' max 7.3" 5.8" 4.8' 3.6' 

f /4 f/5 51'6 8 

3370d 8.8 5.6 3.9 2.2 1.4 .98 

39146 10. 6.5 4.5 2.6 1.6 1.7 

55776 14. 9.3 6.4 3.6 2.3 1.6 

63006 16. 10. 7.3 4.1 2.6 1.8 

66856 17. 11. 7.7 4.4 2.8 1.9 

77748 20. 13. 9.0 5.1 3.2 2.2 

8446d 22. 14 9.8 5.5 3.5 2.4 
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system is  merely two c i r c u l a r  holes separated by a dis tance D (Figure 44). 

For t h i s  system 
t 

a+a e = t a - 1  - 
maX D . 

A g rea t  improvement can be had by using two lenses  of i d e n t i c a l  

The object ive lens  

This lens  then pro- 

foca l  length 1) placed at  the  apertures  (Figure 45). 

focuses a real image of the  sky a t  t h e  f i e l d  lens .  

duces a v i r t u a l  image on top of its object  ( t h e  image from the  object ive 

lens) .  The m a x i m u m  angle any l i g h t  ray makes on leaving the f i e l d  lens  is 

e 

Figure 45 shows how l i g h t  rays  t raverse  the  system, using simple t h i n  

lens geometric opt ics .  

v i r t u a l  image formed by the  f i e l d  lens  e m i t s  i n f o  the  s o l i d  angle 

It can a l s o  be seen from Figure 45 t h a t  the  

The lens  system allows much l a rge r  aper tures  t o  be used s ince  

its emax is about one-half t ha t  of the  no-lens system. 

t he  lenses give an increase of photon gathering power by a fac tor  of 16 

a t  the  cost  of no more than .8 from t h e  transmission of the  two lenses.  

The use of proper an t i r e f l ec t ance  coatPngs on the  lenses  almost completely 

removes these transmission losses ,  espec ia l ly  i n  t h e  v i s i b l e  region of 

t he  spectrum. 

For t h e  same Bmax 

CMlsider a detec tor  system such as a photomultiplier tube and 

appropriate  electrometers.  

t he  tube am the  quantum ef f ic iency  Q ( h )  which depends on waveleng 

The th ree  cha rac t e r i s t i c s  of i n t e r e s t  i n  
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Figure 44. Simple aperture system for a photometer. 

Figure 45. The use of lenses of focal length I) gives a factor of 16 
increase i n  l ight  gathering abi l i ty  for a given emax 
Simple ray tracing is shown for the elrtreme rays. * 
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the gairi g which depends on the high voltage applied to the tube, and 

the dark current ID whiah depends on the gain and the temperature of 

the photoqathode. Figures 46 and 47 show these parameters for a typical 

EMR 541E-01 photomultiplier tube. 70  Note the approximate straight line 

depeadence of g and I when plotted on log-log scales. 

The dark current of photomultiplier tubes is sensitive to me- 
D 

chanical shocks and light shocks. 

mendous increase in dark current, and has caused complications in analysis 

of some rocket borne experiments (Section 2 . 4 ) .  

exposure of the photocathode to large photon fluxes. Time constants 

for recovery from both types of shocks can be several hours. It should 

also be noted that cooling of the photocathode will also decrease the 

dark current. Photomultiplier tubes in laboratory use have shown dark 

current decreases by factors of nearly 100 after prolonged, continuous 

cooling to dry ice temperatures. 

Extreme vibrations can cause a tre- 

Light shocks occur from 

Putting the system together, we have a unit as shown schemati- 

cally in Figure 48. An exact solution for the photoelectrons produced 

will be indicated in full detail. Light from a source of surface bright- 

ness B ( h )  in units of photons per square centimeter per second per 

steradian per AngstriSm passes through area elements dA and dA' spaced 

d apart, through the filter at angle 8, and on to the photocathode of 

the photomultiplier tube. 

cathode to be seen as signal is 

The number of photoelectrons emitted by the 

82 
lens 6 N = J [ 1 ~ ( h )  dAdp' 'c * (A) T[A(~- - ) I  ~ ( h )  dh , ( 6 6 )  

A'A' h 
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2500 4000 5500 7000 8500 

Figure 4 6 .  Typical quantum efficiency of an EMR 541E photomultiplier 
tube.70 

Figure 47, Typical gain and dark currents of an EMR 541E photomultiplier 
tube. 70 
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d 

--- 

FILTER PHOTO- SOURCE OBJECTIVE FIELD 
APERATURE APERATURE MULTIPLIER 

TUBE 

Figure 48. Elements of a complete photometer. 
source B ( h )  is traced through the system. 

A l ight  ray from the 



Since lenses are being used 

ID 
e = tan"1 r 

and the f u l l  expression f o r  N is 

N 

By examination of Qua t ion  68, the  parameters of t he  photometer are 

chosen for  optimum performance. a, a' ,  1 / D ,  T ~ ~ ~ ~ ( A ) ,  and Q ( A )  should be 

as la rge  as possible consis tent  with the e f f e c t s  of emax on the A i n t e -  

gra t ion  and dark current on the  s igna l  t o  noise r a t i o ,  Notice t h a t  

because of Eqrration 67 the  contribution t o  N due t o  the r in tegra t ion  

is l a rger  as r increases.  Thus, most of the  l i g h t  en te r s  the  f i l t e r  

obliquely. It is also des i rab le  t o  have maximum peak transmission of 

the  f i l t e r ,  considering carefu l ly  the  background contindun and the  neces- 

sary i s o l a t i o n  of the  spec t r a l  fea ture  t o  be observed. 

I n  prac t ice ,  severa l  approximations are applied t o  the  multiple 

i n t e g r a l  given for  N i n  Equation 68. 

apertures  gives the geometric f ac to r  as n 2 a 2 a 12 lD2. When t h i s  is done, 

. r [ A ( l -  $1 becomes ~ ( h ) ,  some average chosen t o  account for  the  8 depend- 

F i r s t ,  the  in tegra t ion  over the  

- 92 

ence. With these s implif icat ions,  rJ becomes 
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A t  t h i s  po in t ,  two types of B(X) must be considered as extremes. 

The f i r s t  is fo r  a continpum source such as the  standard lamp used for  

ca l ibra t ion .  

narrow-bandpass f i l t e r .  

I n  t h i s  case A, is considered the  peak wavelength of the  

The X i n t eg ra t ion  then becomes 

and the  f ac to r s  moved outs ide  the  i n t e g r a l  are considered constant over 

the  r e l a t i v e l y  narrow bandpass of the  f i l t e r .  The last  i n t e g r a l  above 

can a l s o  be replaced by 

W 

Ah = :(A) dX ¶ 

0 

(71) 
which would then be t h e  bandpass of a f i l t e r  with 100 percent trans- 

mission and square cu tof fs .  This term must be used carefu l ly  and is 

not a replacement f o r  t h e  real bandpass of the  f i l t e r .  Thus, f o r  a 

continuum source 

The second consideration i o  f o r  a l i n e  emission where the  

brightness is given by a d e l t a  function 

B(X) = B 6 ( X - X o )  . (73) 

Here a l s o  the  quantum ef f ic iency  and transmission of the lens  are 

considered constants.  The X i n t eg ra t ion  t o  be performed is 
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yielding 

B ;(AO) 0 

I n  t h i s  case, w e  may make use of Equation 68 and w r i t e  

(75) 

which e x p l i c i t l y  includes t h e  proper correction f o r  angular dependence 

of the  f i l t e r  transmission, For t h e  l i n e  source, 

* (77) 

With these two extreme, but p rac t i ca l ,  s impl i f ica t ions ,  discus- 

s ion  can proceed t o  t h e  a c t u a l  s igna l  from the  photometer. The current  

from the  photomultiplier tube w i l l  cons is t  of two pa r t s ;  one is t h e  

constant dark current  and the  other  is from the  s igna l  N j u s t  calculated 

above, Hence, 

where g is t h e  gain of t he  photomultiplier tube and e the  charge on an 

electron.  The dark cur ren t  can be wr i t ten  as the  spontaneous emission 

rate of e lec t rons  from t h e  photocathode 

ND = ID/ge . ( 7 9 )  

Both t he  spontaneous emission of e lec t rons  from t h e  photocathode and 

epission of photons from t h e  source B(A) are random processes and w i l l  

have f luctuat ions.  If N counts are made iI.1 agiven t i m e ,  t he  associated 
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f luctuat iong are 4i. 
For the  photometer we must f ind an appropriate  time over which 

N and ND can be compared t o  give a meaningful s igna l  t o  noise  r a t i o .  

The only na tu ra l  t i m e  i n  the  system is the  t i m e  constant T of t he  elec- 

trometer. 

i t  is roughly the  t i m e  f o r  which the  s igna l  is averaged before it is seen 

on the  output. 

This is  a very reasonable t i m e  t o  use f o r  the  purpose s ince  

For the  noise  analysis  w e  now use 

and 

The noise  s igna l  is 5. Thus, the s i g n a l  t o  noise  r a t i o  S is 

Table IX gives some values of S f o r  various values of N, ND, and T. 

It is clear t h a t  i t  is des i rab le  t o  maximize N and minimize ND. Also, 

T should be as la rge  as possible  without compronising the  desired t i m e  

resolut ion.  

I n  s p i t e  of t h e  d e t a i l  of t h e  ca lcu la t ions  done i n  t h i s  

Appendix, it should be noted t h a t  when the photometer is put together 

and ca l ibra ted  absolutely,  there  may be var ia t ions  of perhaps a fac tor  

of two between calculated and actual s e n s i t i v i t y .  This is due t o  unavoid- 



TABLE IX 

Signal t o  no4se r a t i o ,  

Total  counting rate (sec-l) 10' 4 

Time constant Dark current 
of amplif ier  counting 
(see) rate (seew1) 

,001 20 
59 

100 
200 
500 

1000 
2000 
5000 

.002 20 
50 

100 
200 
500 

1000 
2000 
5000 

.005 20 
50 

100 
200 
500 

1000 
2000 
5000 

,010 20 
50 

100 
200 
500 

1000 
2000 
5000 

.29 .99 ' 

.26 ,98 . 

.22 .95 
18 .91 

.13 .82 
* 10 e 7 1  
.07 .58 
.04 e 41 

.41  1140 

.36 1,38 

.32 1.35 

.18 1.16 

.14 1.00 

.10 82 

.06 .58 

.64 2 . 2 1  

. 58 .  2.18 

.50 2.13 
*41 2,04 
.29 1.83 
. 2 1  1.58 
.15 1.29 
.10 * 91 

.91  3.13 

.82 3.09 

.71  3.02 

.58 2.89 

.41 2.58; 
,30 2.'24 
- 2 2  1.83 
.14 2.29 

-26 1b29 

3.16 
3.16 
3.15 
3.13 
3.09 
3.02 
2.89 
2.58 

4.47 
4.46 
4.45 
4.43 
4.36 
4.26 
4.08 
3.65 

7.06 
7.05 
7.04 
7.00 
6.90 
6.74 
6.46 
5.77 

9.99 
9.98 
9.95 
9.90 
9.76 
9.54 
9.13 
8.16 

10.00 
10 0 00 
10.00 

9.99 
9.98 
9.95 
9.90 
9.76 

14.14 
14.14 
14.14 
14.13 
14.11 
14.07 
14.00 
13.80 

22.36 
22.36 
22.35 
22.34 
22.30 
22.25 
22.14 
21.82 

31 62 
31.62 
31 
31 
31.54 
31.57 
31.31 
30.86 

31.62 
31.62 

31.62 
31.62 
31.61 
31.59 
31.54 

44.72 
44. 72 
44.72 
44.72 
44.71 
44.70 
44.63 
44.61 

70.71 
70.71 
70.71, 
70.70 
70.69 
70 68 
70.64 
70.54 

100 00 
100.00 

31.62 * 

99 '95 
99 90 
99.75 
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ably coarse$iaterpolations and errors on parameters supplied by the 

manufacturer of components and other small uncertainties. Should the 

calculated results be much further off than this, a thorough check of 

both the calculations and calibration should be made. 
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APPENDIX B: OPTICAL CALIBRATION WITH A TUNGSTEN RIBBON FILAMENT LAMP 

The following discussion concerns the use of a General Electric 

Type 30A/T24/13 lamp calibrated for brightness temperature as a function 

of current. The lamp is {fitted with a 1 1/4 inch diameter quartz window 

and SR8A tungsten ribbon filament* In the region of the spectrurp where 

the emissivity of tungsten i s  known, calculations are given which allow 

the lamp to be used as an absolute standard. 

The lamp is used in the circuit shown in Figure 4 9 .  The cali- 

bration data from the National Bureau of Standards gives the brightness 

temperature viewed through the quartz window at a specified wavelength 

as a function of the current through the filamente7' 

is supplied by a Kepco KS8-50M D. C. Power Supply with 0.05 percent 

The desired current 

regulation. This regulation is just sufficient. A Leeds and Northrup 

Model 4361 0.01 ohm (0.04 percent) 100 ampere resistor provides a volt- 

age drop of 10 millivolts per ampere, which is measured by a Fluke Model 

885AB Differential Voltmeter, Measurement to the hundredth of an ampere 

given by the NBS is necessary. 

The brightness temperature is confirmed by a Leeds and Northrup 

Model 8632-C optical pyrometer, 

range (1075OC to 175OOC) and on the XH range :14" at 1750°C to 218" at 

254OOC. 

The pyrometer reads to 28" on the H 

The pyrometer is used so that any gross change in the lamp, or 

of course the pyrometer, can be detected. 

The brightness temperature TB is defined from the Planck radiation 

law 
C, 
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K E P C O  
POWER 
SUPPLY 

0 I F FER E NTlAL 

Figure 4 9 .  Circuit configuration used with the standard lamp. 
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where W is the emissive power in ergs per square centimeter per second 

per Angstrh, C1 and C2 constants, and AS the wavelength at which W is 

measured. 

ature of a black body which radiates the same energy per square centi- 

meter per second per W at the wavelength As. 

Thus the brightness temperature TB would be the true temper- 

The emissivity of a radiating surface at wavelength A is defined 

by the ratio of the actual emissive power W' to the emissive power W of 

a black body at the same true temperature as the emitting surface, 

W'(X,T) 
W(A,T) 

E(A,T) = 

Noting that eC2/AT>>1 for reasonable A and T, and that a 

correction should be made since TB is measured through a quartz window 

of transmission T (A) (Figure 50),72 the relationship between TB and T 

is calculated to be 
Q 

For any desired wavelength X with the filament at true temper- 

ature T, the emissive power is given by 

This energy is radiated into a hemisphere about tHe flat filament sur- 

face, preferentially in the direction normal to the surface. 

as the cosine of the angle to the normal for other viewing directions. 

It decreases 

i 
As long as the cosine of the maximw viewing angle can be considered one, 
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- 

.9 D 

.9 0 

Figure 50. The transmission of fused quartz calculated from the  index 
of refraction considering two surfaces and no absorbtion. 
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the surface brightness of the ribbon is given by 

9 (88) 1 B(A,T) = 
-1) 

wheresthe division by 

centimeter .per second per hgstr2jmi per steradian. 

has changed the units to photong per square 

A computer program has been written which calculates B(A,T) for 

any brightness temperature $(Figure 51). Table X gives the constants 

used for that computation. 

by the lack of sufficiently reliable measurements of the emissivity of 

tungsten.73 9 7 5  

The program's use is somewhat limited, however, 

For brightness temperatures of 1600°C and 1800°C, the 

emissivity as measured by Larrabee75 is used' 

found by D ~ V O S ~ ~  are used. 

values are not cgrrected for scattered light and, as Larrabee points out, 

are probably a little hi,gh. 

to 9000A. 

when the lamp is absolutely calibrated, 

For 2200°C, the values 

The DeVos See figure, 52 for values used. 

The wavelength region extends from 25008 

As is 6530A, as given on the NBS calibration sheet supplied 

There are two major souroes of error in this system. One is 

obviously the values chosen for E(A,T). 

shown in Figure 53, the quoted values of E(A,T) vary by as much as 2 per- 

cent in,the regions of interest. 

ards laboratories use different values. 

uncertainty due to c(A,T). 

Judging from the results 

DeVos points out that difgerent stand- 

Thus, there is 2 or 3 percent 

The other major source of error is in the calibration of TB. 

The NBS calibration sheet gives the "uncertainties" in TB to range from 

f5' at 13!OO°C to *loo at 23OOOC. Considering eC2IAT 99 1, the Planck 
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. 

Figure 51, Surface brightness calculated for three brightness temperatures. 
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TABLE X 

Constants used in calculation of B(X,TB). 

cl/hc = 8 hc = 1.8836 x 103cm2/8 4 hc 
c = 1.4388 cm°K 

As = 65308 
2 

h = 6.6254 x 10’27erg sec 

c = 2.9979 x 101Ocm/sec 
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Figure 52. Values o f  the emissivity of tungsten used in calculating 

B(h) 8 
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WAVELENGTH (a) 
Figure 53, Various determinations of €(A, 2400’K). 
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d i s t r ibu t ion  becomes 

w = I e  C2/AT 
A5 

and hence 

Let t ing dT 5 5", T = 2000°, and X = 50008, t h i s  gives a percentage 

e r r o r  of 3.5 percent. 

5 percent e r r o r  i n  the  absolute  ca l ib ra t ion  when using the  calculated 

Thus i n  these two f ac to r s ,  we have upwards of 

B(A,T) 

The most convenient method of using the tungsten ribbon lamp 

u t i l i z e s  a magnesium oxide screen. 

housing and a quartz  lens  is used t o  focus an image of t he  filament on 

a f resh  MgO screen (Figure 54). 

ment is assured by al igning the  notch on the filament with an arrdw 

etched on the  back of the  g l a s s  envelope of the  lamp. 

The lamp is  placed i n  a l i g h t  t i g h t  

The proper angle f o r  viewing the f i l a -  

The photon flux through the  aperture  of area A a t  the lens  from 

a s m a l l  area a on the filament is given by 

@ = B(X,T) A a/d2 . (91) 
D This f l w  is  focused on the screen over an area (-$'a and resca t te red  

over a hemisphere about the  screen. 

s ca t t e r ed  i n  the  forward d i rec t ion ,  so by viewing the  screen normally, 

i t  has  a surface brightness of 

Again, t he  photons are p re fe ren t i a l ly  

d2 = T ( A )  j j q  R(X) cos 0 
BS s Q  
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'I 

Figure 54. Standard lamp set up for use with a HgO screen. 
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where R(A) is the  r e f l e c t i v i t y  of f r e sh  MgO (Figure 55) and 8 is the  

angle of incidence of t h e  f lux  4 .  Combining t h e  above two equations 

A t  t h i s  point  i t  should be mentioned t h a t  t he  ca l ib ra t ion  i e  

only f o r  a very s m a l l  por t ion of t he  filament described by the  cali- 

bra t ion  shee t  

and, as much as possible ,  only the  proper port ion of the  filament image 

should be used f o r  t he  ca l ibra t ion .  

Variations along the  filament are not i n ~ i g n i f i c a n t ~ ~  

If t he  aper ture  is very s m a l l ,  d i f f r a c t i o n  losses  can occuro 

Using simple d i f f r a c t i o n  theory, considering a monochromatic source a t  

wavelength A ,  and an aperture  of diameter d ,  t he  radius  of the  f i r s t  

minimum seen on a screen d is tance  D from the  aperture  is about AD/2d. 

I f  t he  dimension of t he  image formed is l a rge  compared t o  the s i z e  of 

the  d i f f r a c t i o n  pa t te rn ,  there  is no s ign i f i can t  e r ror .  

The screen is prepared by burning magnesium ribbon onto a s u i t -  

ab l e  sur face  such as g la s s  o r  aluminum sheet .  

coat is put on, i t  is smudged and more magnesium is burned uniformly 

over t he  surface u n t i l  no cont ras t  is v i s i b l e  a t  t h e  edges of t he  smudge. 

This method is used since t h e  human eye response t o  cont ras t  is much 

grea te r  than i t s  absolute  response. 

After the  f i r s t  uniform 

When t h e  f i e l d  of view of the  photometer being ca l ibra ted  i s  

f i l l e d  by t h e  desired port ion of t h e  image on the  screen, the  photometer 

sees the sur face  br ightness  B (A,T) independent of its viewing angle. S 
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This is because while BS(A,T) decreases with the  cosine of t 

angle, the area viewed increases  by one over t he  cosine. 

e viewing 

In  carefu l  prac t ice ,  t h e  e r r o r s  introduced by t h i s  method are 

small and the  o v e r a l l  uncertainty of BS(A,T) is not much bigger than 

tha t  of B(A,T) i t s e l f .  

For conversion from the continuum standard source to  a l i n e  

source, i t  is necessary t o  look a t  the  two equations derived from 

Equation 69 i n  ~ ~ p e n d i x  A. For a l i n e  source, t h i s  is Equation 77 

and f o r  a continuum, i t  is  Equation 72 

Thus 

keeping i n  mind the assumptions made i n  Appendix A t o  der ive the  

above expressions f o r  N. I n  p rac t i ce ,  t h i s  is the  procedure followed; 

but i f  necessary, more de t a i l ed  in tegra t ions  could be done using the 

complete expression indicated ip Appendix A. 
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